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1. SUMMARY

S Bench-scale studies were directed toward the development of an
economical process for the preparation of Loron trichloride by direct
chlorination of boric oxide-carbon mixtures at elevated temperatures.
Over 200 batch or semi-continuous tests were conducted in l-inch to
3.inch diameter, vertical-shaft reactors to evaluate such operating
variables as formulation, particle size and density of solids feed,
bed height, temperature, and chlorine feed rate. Yields, production
rates, reaction heat, and extent of by-product formation were deter-
mined for optimum operating conditions.

Major obstacles to continuous chlorination were found to bez(a)
the softening and fusing tendency of the boric oxide-carbon charge at
reaction temperatures, and (b) the formation of a "white solids" com-
plex which condensed out of the reactor effluent gas stream on cooling
and tended to plug the system. The first problem was alleviated by
the development of a process for preparing spherical feed pellets con-
taining an excess of carbon. Two workable solutions to the second
problem were also developed., They were (a) use of a second reactor
containing a hot bed of cajr’l?/through which the pramary reactor
effluent would be passed ether with supplementary chlorine to effect
conversion of the cornplfex to boron trichloride, and (b) passage of the
reactor effluent through a cold column of carbon pellets or boric oxide -
carbon pelletspto effect condensation and deposition of the “"white solids"
on the pellpts which subsequently could serve as primary reactor
feed.

7

In general, the studies indicated that satisfactory yields and
production rates of boron trichloride could be obtained by direct
chlorination of boric oxide-carbon particles in a vertical shaft re-
actor maintained at 11C0 to 1500°F, ~Further studies, preferably
with larger equipment, are needed to clarify the heat balance and to
determine operability of a continuous moving-bed vertical shaft
reactor.

I1. INTRODUCTICN

In November 1954 bench-scale operations were started for
the purpose of investigating process variables encountered in the
production of boron trichloride. Information and experience secured
from bench scale experimentation were required for the design of a
pilot plant. The experimentation wus divided into two major categories;
Feed Preparation and Reaction. This report covers only the Reaction
studies.

Boron trichloride may be prepared by the reaction of mole-
cular chlorine with boric oxide and carbon, anhydrous sodium tetra-
borate and carbon, or boron carbide, as follows.

2B,0; + 3C + 6Cl; —> 4BCly + 3CO; 48]

COo,+ C - 2CO 2)

< ——

2Na,B,0; + 14Cl, + 7C ——3 8BCl, + 4NaCl + 7CO; (3)
Page 1
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)

B.C + 6Cl, > 4BCl, + C d)

CO,; + C‘_—_—_-=-=é 2CO

The relative amounts of carbon monoxide and carbon dioxide form.ed and
hence the carbon required is a function uf the gas temperature and is re-
lated to the equilibrium CO; ¢+ C === 2CO, Preliminary cost
estimates and feasibility studies indicated that the process of chlorinating
a mixture of boric oxide and carbon was the most desirable.

111, EXPERIMENTAL

A. Am’:aratul

Figure | is a process flow sheet illustrating the various pieces

of ecquipment. The reaction and recovery systems are shown in Figure 2.
The basic components of the experimental apparatus were as follows: (a)
nitrogen and chlorine cylinders, (b) rotameter(s), (c) RA-1; vertical shaft
reactor furnace, (d) one or more traps containing glass wool, (e) several
laboratory type pyrex condensers and custom made pyrex receivers, (f)

a water scrubber, (g) a wet test meter, (h) an Orsat gas analyzer, and

(i) glass bubbler tubes containing 10 per-cent potassium iodide.

co + Cl, é > CoCl, (@)
BCl, + 3H,0 > H,BO, + 3HCI @
or 2BCl, + 3H,0 > B;0, + 6HCI (8)
Ni + Cl, > NiCl, 9)
2Fe + 3Cl, > 2FeCl, 1)

The effluent gas stream from R-1 first passed through one or more traps
containing glass wool which served to filter out any entrained solids,
and other solids originating from the decomposition of a complex which
contained trichloroboroxole. Downstream from the filter traps were
located several pyrex condensers chilled to -60°F or lower which condensed
boron trichloride, chlorine, and phosgene. Next, the condenser discharge
gas stream was passed through a water scrubber. The purpose of the water
scrubber was to recover boron trichloride and phosgene and to remove any
hydrogen chloride present in the gas stream. The following reactions occur
in the water scrubber:

BCl, + 3H,0

3HCI + H,BO, @)

N
v4
COCl, + H;0 ) CO, + ZHCL i)
H,0
HClga.s —_—> HCIa.queoms I2)

Noncondensable gases discharged from the water scrubber were passed

to a wet test meter to measure their volume, and to an Orsat gas analyzer
to determine the content of carbon monoxide, carbon dioxide, and oxygen.
Finally, the system was vented to the atmosphere.

Page 2
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B. Raw Materials and Preparation of Reactor Feed

A list of the raw materials used to produce boron trichloride
along with the analyses and other pertinent data are presented 1n Table 1.

1. Tablets

The dry materials usually consisting of either borir
acid or boric oxade and Witco carbon black (or merely pure Witco carbun
for carbon pellets) were mixed by hand., Next, binder consisting of sugar-
water, starch-water or chilled pitch was added and the resulting mixture
was premixed and then mixed 1n a Baker-Perkins Sigma type mixing r:achine,
The mixed material was then air-dried to remove excess moisture, re:mixed
in a mechanically powered rotating drum and compressed into 1/4-ir.ch dia-
meter tablets by a Stokes Tabletting Machine. Finally the "'green' tablets
were sintered at 900 to 1300°F in a muffle furnace to drive off the binder
and to convert boric acid to boric oxide, Since the sintered pellets were
found to be somewhat hygroscopic, they were stored in sealed glass jars.
With proper sintering and materials handling procedures, residual hydrogen
contents of not more than 0.3 per cent (equivalent to 2.7 per cent water)
were obtained.

2. Brigueu

Witco SRF beaded carbon black and boric acid, (the
latter had been passed through a micropulverizer), were premixed in a
ribbon blender manufactured by the Day Company. Binder, consisting of
starch or sugar in water, was added in the mixer directly. Additional
carbon or water was added during mixing to produce a material capable of
being briquetted. The mixed ingredients were then pressed into briquets
with the use of a Komark-Greaves Briquettor. The ''green' briquettes were
sintered at 900 to 1300°F 1in a muffle furnace.

3. Spherical Granules

Spherical granules, 1/16- to 3/4-inch in diameter,
were prepared by spraying water to a bed of premixed boric acid and Witco
carbon contained in an unlined flighted drum which rotated about its longit-
udinal axis. The wet granules were predried in a rotating drum to elimin-
ate excess moisture after which they were screened. Screened fractions
were sintered at 900°F. Precautions were taken to minimize absorption
of moisture during storage.

C. Procedure

First, the reactor, R-] (wl..n was, in most cases a standard
3-inch nps x 12-inch heated pipe) was charged with a boric oxide-carbon
feed and this charge was heated to the desired initial operating temperature,
usually 1100° to 1500°F. A nitrogen purge was maintained throughout the
heating period. After reaching the temperature of test, the nitrogen purge
was eliminated and gaseous chlorine was passed to R-1 after passing through
a series of driers, and a rotameter, The following reactions occur in R-1:

Main Reaction:

and
CO; + C m=——> 2CO @)
Page 3




Undesirable Side Reactions

BCl, + B;O, > (BOCI), ®)

D. Nomenclature Used to Designate Solid Feed Composition

A code was developed in order to designate the formulation of
solid feed. An explanation of this code follows.

Boron-containming

feed formulation i- :fo I 20 SuWa (80Wa)
item: ] 2 3 4 5 6

itemn ) 18 source of boron’
A boric acid, HyBO,
o - boric oxide, B0y
NBO - Sodium tetraborate, Na,BO,, (anhydrous)
B1C = boron carbide, B,C

item 2 is per cent excess carbon over the stoichiometric quantity based
on the following reaction-

B,O, + 3C + 3Cl; - 2BCl, + 3CO {3)

Example’ A*100W. If 123.6 g. boric acid (2 moles),
which is equivalent to 1 mole of B,O, are
used, then 72 g. Witco carbon (6 moles),
are added.

item 3 is source of carbon:

w = Witco Chemical Company
Furnace Black: F-1 powder for pellets and SRF
beaded black for briquets.

CG Calcined Gilsonite

PC Petroleum coke

item 4 is weight per cent of the binder on a wet basis.

item 5 is type of binde::

K-150 = Koppers pitch, m.p., 150°F
K-200 = Koppers pitch, m.p., 200°F
SuWa = Sugar-water

S Wa = Starch-water

M Wa = Industrial molasses-water

item 6 is weight per cent of water in the binder.




E. Chemical Analyses

l. Solid Feed Material

Feed material containing boron and carbon was analysed
for boron, carbon, and hydrogen. In the early phase of bench-scale pro-
cess development studies, carbon feed (briquets or pellets) was analyzed
for carbon and hydrogen only. However, tests showed that a considerable
amount of boron was picked up by carbon mixes during mixing and briquett-
ing. Therefore a boron analysis was included. The analytical procedure
was as follows A ground sample contained in » fritted glass crucible was
washed with a dilute acid solution. The pH of the fillrate was adjusted prior
to addition of mannitol to complex the boric acid, and the resultant solution
was titrated with standard sodium hydroxide. A pH meter was used to
determine the endpoint. Next the residue was dried at approximately 250°F,
The weight of dried residue was reporied as per cent carbon. Hydrogen was
determined by the standard combustion method utilizing micro or macro
technigues.

2. Process Analyses

Figure 3 summarizes the various chemical analyses
for chlorination experiments which were required for calculation of material
balances, yields, recoveries and over-all stream compositions. Conven-
tional methods werc employed. Phosgene was determined by infrared
analysis.

F. Electrode Furnaces

l. Electrode Furnace Type 1

A drawing depicting the details of the electrode fur-
nace is presented as Figure 4, The electrode furnace, Type I, consisted
of six 1-inch diameter graphite electrodes encased in Vycor and inserted
into a ceramic or Vycor glass reaction tube. The design of the reactor
packing gland permitted linear adjustment of the electrodes to compensate
for consumption during reaction, All electrical paths were insulated from
metal components, Power to each of the three electrode pairs was con-
trolled by individual 220-volt, single-phase Variacs.

Table II summarizes the work performed with the
Type I electrode furnace reactor. All the tablets used for this series of
experiments were prepared with Welding Engineers Pitch as binder.
The results were unsatisfactory because of an inability to heat the entire
furnace to reaction temperature. Preferential current paths were observed
in the reactor and the bed was fused after every heating attempt. Contact
between the .lectrode and the pellets was lost periodically and the electrodes
had to be inserted further into the tube to regain contaci with the bed,
Power rcquired to maintain the bed at 1600°F was found to be 250 watts,

The electrode furnace was chargcd with crushed
and sintered feed material so as to attain better contact with electrodes.
However, this modification failed to result in improved operation and
the bed fused as before. An attempt to obtain better distribution of the
heat by passing chlorine through the bed was also unsuccessful.

Page 5



Two electrodes, each eight irches high and ot.e inch
wide, were placed in..de the furnace parallel to » d opposite each other
in order to increase the effective heating volum: of the bed, Preferential
current and heating paths were again noted but higher temperatures were
observed over a greater bed depth. The boric oxide-carbon charge con-
tained in the moudified electrode reactor was heated to 1290°F (700 *C) in
localized areas. However, fusing of the charge persisted. Chlorine was
not passed through the bed. A repetition of this experiment produced ihe
same results

2. Electrode Furnace Type 1l

A second resistance bed electrode furnace was fab-
ricated. It consisted of a 4-inch inside diameter by 12-inch long Hastelloy
pipe lined with a separate piece of Vycor pipe. Each of the three electrodes
consisted of an 8-inch high by 1-inch wide by 1,2-inch thick piece of graphite
attached to a horizontal 1-inch diameter piece of round graphite which ex-
tcnded through the Vycor and Hastelloy tubes, and through the Vermiculite
and Transite insajation to make contact with the power leads. Power was
supplied by a 3-phase, 220-volt line with individual variac control to each
clectrode. The reactor was equipped with three horizontal ceramic
thermowells encased in 1/2-inch diameter nickel pipes and spaced 2-1/2-
inches above each other.

Results of a calibration experiment with sintered
carbon pellets as the charge are shown in Table 111. Approximately one
and one-half hours were required ‘o raise the bed temperature to 1100°F.
The power necessary to maintain that temperature was 757 watts. Power
required to maintain a temperature of 1300°F was 956 watts,

Chlorination experimernts were not conducted with
this furnace because work had been initiated on another reactor system
which seemed more promising.

G. Externally Heated Reactor (Resistance Wire-Heated)

Figure 5 is an illustration of the resistance wire furnace
used. Nichrome wire covered 8 inches of the 12-inch effective heating
zone. The reactor design permitted intermittent manual feeding of solid
feed as well as intermittent bottoms removal. The reactor parts.were
fabricated from nickel or high nickel alloy except the feed and ash re-
moval valves which were cast iron. This design enabled the replacement
of a defective reactor tube without replacing or modifying the furnace
headers.

Initially, a 51-mm. Vycor tube was wrapped with Nich-
rome wire having a resistance of 20 ohms., Power was supplied through
a 220-volt vari~c. This furnace containing boric oxide-carbon tablets
was heated to 1320 °F for one hour and the bed was not fused when examined.

The Vycor tube, however, was found to be fractured and it
was replaced with a 2-inch n.p.s. nickel pipe, schedulc 40. Shorting
of the resistance wircs was minimized by imbedding them in alundum
cement. This reactor was quite durable and was operated for as many

Page 6




as six experimaents before the wires short i rcuited. The two-inch nickel
reactor was replaced with a 3-inch nickel pipe. One chlorination exper:-
ment was conducted with use of a 4-inch reactor plus the general equipment
shown in Figures | and 2,

During most of the experiments boric ovide-carbon pelicts
were fed semi-continuously to the primary chlorinator, R-1. At intervals
a combination bed level bed-packing tool was inserted at the top of the
reactor, to pack the bed and check the level, Additional feed was added
to bring the bed up to the original level and ash was periodically with
drawn through the bottom valve, The incorporation of a double -valve,
air lock feeding system eliminated the necessity of turning off the chlorine
during bed level checks, packing of the bed, or charging of fresh boric
oxide-carbon feed. Operating instructions called for continuous operation
untl difficulties such as excessive leakage due to plugs in the reactor bed
or effluent gas stream or corrosion of metal components forced termination
of the experiment, Tables IV and V summarize the results of the preliminary
process-development chlorination experiments.

v, PROCESS VARIABLES

A. Production Rate ve. Chlorine Rate

Figure 6 is a plot of chlorine rate vs, boron trichloride production

rate. A production rate of 90 Ib. /hr./ft.* of charge (4.4 1b. BCly/hr. for a
12-inch x 3-inch diameter bed) was attained at a chlorine rate of 34 cu.ft, /hr,
at S.T.P. (BL-26), and chlorine did not appeat in the. effluent unti] 9. minutes
after start-up. Chlorine rates higher than 34 cu.ft. /hr, at S, T.P. were not
attempted because of the inadequacy of the recovery system. Assuming 50
per-cent void space in the bed under the conditions of BL-26, the minimum
residence time of chlorine in the heated bed was calculated as 0.25 second,

B. Feed Formulation

Figure 7 shows the effect of varying amounts of excess carbon
on the boron trichloride production rate vs. chlorine rate curve for full -
bed (12-inch solid feed) experiments. To eliminate any interaction due to
reaction temperature, only data in the temperature range 1307 to 1364°F
are plotted. A single exception to this temperature limitation 1s one point
at 1242°F., Figure 7 shows that the amount of excess carbon, ranging
from 20 to 200 per cent, has an insignificant effect on the production rate,

C. Relative Reactivity of Boric Acid and Boric Oxide Base Pellets

A series of chlorination experiments were performed to deter-
mine the relative reactivity of boric oxide and boric acid base pellets.
In each case the pellets charged to the reactor R-1 were sintered to con-
vert boric acid to boric oxide and to drive off the binder. The results
of these experiments are presented in Figure 7, Boron Trichloride rate
versus Chlorine rate. Comparing the curve for A-100W* 25k, 150 feed with
those for boric oxide base pellets, it is apparent that there is an insignificant
difference between acid and oxide as a starting material with respect to
boron trichloride production rate.
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D. Eifect of Tempe rature

The data plotted in Figure 6 (production rate vs. chliorine
rate) are for chlorination experiments made in the temperature range
1150° to 1593°F. There ¢ :8 not appear to be any significant discrepancy
in the data plotted for the line which cannot be attributed to experimental
error. Process development studies performed by the Chemical Research
Department (Olin Mathieson Chemical Corporation) indicated that the
advantages of preparing boron trichloride at 1740°F rather than 1020°F
are threefold. (a) the rate of reaction is faster, (b) the period of complete
chlorine conversion is longer, and (c) there appears to be less solid
intermediate ("white solids”") deposited in the effluent gas lines.

A plot of chlorine conversion vs. initia) bed temperature for
feeds containing various amounts of excess carbon is presented in Figure 8.
The data for each level of excess carbon exhibits a high degree of experi-
mental scatter. If any possible influence of excess carbon is ignored the
resulting line indicates that increasing the initial bed temperzsture produ.es
an increase in the chlorine pass yield conversion, For experiments at
higher temperatures, the volume(depth) of bed necessary to preheat the in-
coming cold chlorine was less than that required for experimmnis at
relatively low temperatures. Consequently it is believed that part of the
increased boron trichloride production rate of higher temparatures is
attributed to the gain of "effective heated volume of the bed". Additional
experiments to establish the effect of tempe: ature more accurately were
not made because of the urgent needs to evaluate other process variables.

E. Effect of Bed Height

The reactor bed height appears to be a very important
variable. Figure 9 depicts the relationship between boron trichloride
production rate, lb, /hrJft.? of charge and chlorine rate for several
bed heights. This figure shows that higher production rates are exper-
ienced for smaller bed heights. Figure 10 illustrates the effect of bed
height on boron trichloride production rate at several levels of chlorine
throughout and this plot also shows the substantially higher production
rates at lower bed levels.

A'though lower bed heights result in increased boron tri-
chloride production on a lb, /hr./ft.? of charge basis, this increase is
attained at the expense of lower chlorine conversions, This supposition
is illustrated in Figure 11: "Chlorine Conversion vs. Chlorine Rate for
Three-, Six-, and Twelve-Inch Bed Heights". Referring to this figure
the following chlorine conversions are noted for 10 cu.ft. /hr. at S, T.P.
of chlorine: twelve-inch bed, 59 per cent; six-inch bed, 53.5 per cent, and
three-inch bed, 41 per cent,

F. Recoveries and Yields

In Table V, the recoveries and pass yields are .;:ummar-
ized. The per-cent recovery does not total 100 per cent because of
such factors as: (a) inaccurate rotameter readings; (b) 1=aks in the re-
covery system; and (c) incomplete samplings. For full-bed (12 inches)
experiments, the following average values were calculated:
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Boron Chlorine

. a n
Pass Overall Pass Condensced
Yield Yield Recovery Yield Recovery Product
per cent  per cent per cent  per cent  per cent  per cent
<9 50 (e 65 84 0.5 to &V,

The low boron pass yield is attributed to incomplete reaction and to
bormation of white solids, The difference between chlorine recovery
and chlorine pass yield represents Cl as hyirogen chloride and con-
densed free chlorine. Although the purity of the product shows a
considerable range for free chlorine content, approximately 25 per cent
of the full-bed experiments yielde? condensed product with a {ree
cnlorine con‘ent of less than | per cent, Condensed product {rom the
prelimi~ary process-development experiments was not analyszed for
phosgene. However, the phosgene countent of condensed product from
experiments using boric oxide-carbon briquets as R-! solid feed was
between 0.0 and 0.9 per cent,

G. Formation of "White Solids'

Reference to the *remarks* column, Table V, shows
that quite a few experiments were terminated because of the formation
of plugs in the reactor effluent gas lines. These plugs were caused by
formation of fluffy white material designated as "white solids". To
prevent these solids from coilecting in the spirals of the product con-
densers, glass wool was inserted in the 2-inch pyrex «:ffluent gas line
to serve as a filter. The presence of thesc solids may be attributed
to the formation of a complex which contained trichlorobaroxine, which
according to the literature, decomposes very rapidly and gives off
hydrogen chloride when exposed to the atmosphere (1).

Table VI lists the compositions of the solids found in the
effluent gas lines for experiments 450D-48 and BL-1 to 25. Solids were
exposed to the atmosphere during sampling and sample preparation.
These data are pres.rted graphically in Figure 12. Indications are that
larger concentrations of boric oxide are present at the higher chlorine
rates, Table VII is a compilation of weight of boron in boron trichloride
produced divided by weight of boron in the "white solids". An attempt
to correlate the BBCI to B : Ld ratio with chlorine rate, tem-
perature and bed ’levelw\!}ﬁse it 'Siccessful due to scatter of the data.

. !
However, Figure 13, "Effect of Chlorine Rate on BBCI, to B white solids

Ratio" suggests that greater boron conversion (to boron trichloride)

1s attained at higher chlorine rates. The data contained in Table VII

Lndxcate that, on the average, a BBCI, to Bwhite solids ratio of 14 may
e expected.

"White solids" were synthesized in the laboratory by
passing boron trichloride through a bed of dry boric oxide at temperatures
as low as 570°F. Nitrogen or chlorine did not produce "white solids"
when passed through boric oxide which shows that these solids are not
entrained. When a portion of the synthesized solids were heated to 1110°F
(600°C), they did not sublime but instead formed a sticky mass presumed
to be molten boric oxide.

(TT "T'richloroboroxole”, Goubeau and Keller, Z anorg. u. algem.
chem. 265, pp. 73-89, 1951,
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An air .ree sample of *white solids® was obtained using
a one-inch Vycor tube contaiming pelletized boric-oxide-carbon feed
heated by a split element resistance wire furnace. This sample yielded
a boric oxide to boron trichloride ratio of 3,06 to |, which does not
correspond to the | | ratio of trichioroboroxine,

Various attempts were made to eliminate or decrease the
amount of 'white solids” formed. A reactor containing 300 per cent
excess carbon failed to effect a reduction.

The solids deposited in the effluent gas lines were not
always white, on many occasions they were contaminated by appreciable
amounts of <hlorides of nickel and 1iron. Compositions of solids collected
in the effluent gas hines during experiments BL-28 to 33 are shown in
Table VIII,

"“White solids" causcd severe operating difficulties because
they plugged the gas lines. It is believed that the boron trichloride produced
in the chlorinator reacts with boric oxide in the feed to form the compound
trichloroboroxine, or ByO,Cl, which deposits out of the gas stream at
approximately 570°, The compound when decomposed, liberates boron tri-
chloride and deposits boric oxide containing a portion of trapped boron
trichloside b.p.  54.5°F as white soluds.

H. Formation of Hydrochloric Acid

Even for experiments at Jow chlorine rates showing very
little chlorine in the condensed product, the chlorine pass yield (conversion)
was significantly less than the chlorine recovery; for example 1n experi-
men* BL-10 at 9.5 cu.ft./hr. at S.T,P. ~{ chlorine,there was 0.29 per cent chlonmne
in the condensed product, chlorine recovery was 76.7 per cent and chliorine
conversion was 65.6 per cent.Infrared and mass spectrographic analyscs of
the reactor effluent gas indicated the presence of 10 to 30 per cent hydrogen

nloride. These results were substantiated by the presence of Cl 1n the
;ater scrubber in considerable quantities above the stoichiometric equi-
valent of the boroa content. For a boric oxide-carbon pellet feed containing
Il per cent boron (B,0;) and only 0.2 per cent hydrogen (water) the chlorine
conversion 1s reduced by 6.7 per cent in accordance with the reaction:

2BCly + 3H;0 —————> B0, + 6HCI (8)

The detrimental effect of relatively small quantities of residual (after
sintering) hydrogen, in reducing boron an- chlorine conversions, contributing
to "white solids" formation, and indirectly increasing corrosion, has been
recognized. Therefore, appropriate precautions were taken in storage,
sintering, and handling to prevent absorption of moisture. Sintering
experiments indicated that it was almost impossible to reduce the residual
hydrogen content to a level less than 0.1 per cent (0.9 per cent water)

and that increasing the sintering temperature from 900 to 1300°F not

only failed to reduce the hydrogen content, but also increasad the boron and
carbon losses. :

The average hydrogen chloride-boron trichloride weight
ratio for eight randomly chosen full-bed experiments was 0.38; hydrogen
chloride-boron trichloride weight ratios for these experiments are pre-
sented in Table IX. The highest hydrogen chloride-boron trichloride ratio
of the eight experiments was exhibited by 3L-18, 0.629, and the lowest
by BL-19, 0.232.
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1. Carbon Monoxide -Carbon Dioxide Ratio in the Vent Gas_
Wechanism of the Reaction

The carbon monoxide-carbor dioxide ratios obtained in the
vent gases {or these experiments are shown in Table X and Figure 14,
The latter includes curves for the theroetical carbon dioxide-carbon mono-
xide equilibrium 2) relativnship with and without the dilutire effect of
boron trichloride. Figure 14 shows that the presence of buron trichloride
or any other diluent such as phosgene, hydrogen chloride, or free chlorine
tends to displace the carbon monoxide -carbon dioxide vs. temperature
curve to higher ratios.

The exact mechanism of the reaction 18 not known. It 18 believed
that the reaction proceeds by one of two paths

B,0, + 3C + 3Cl; —————) 2BCl, + 3CO 1R))
finally CO,+C /2200 G)
or 2B,0, » 3C + 6Cl; —————» 4BCl, + 3CO, M
CO,; + C »2C0 2)

Figure 14 shows that increaaing the bed height (longer residence
time for CO,; + C +=———22COequilibrium), causes an increase in carbon
monoxide-carbon dioxide ratio. This observation suggests that carbon dioxide
rather than carbon monoxide is formed first, equation 'LD Cleveland
Industrial Research, a subco~'ractor, reported that hot boric oxide did not
chlorinate when subjected toa mixed stream of carbon monoxide and chlorine.

The data contained in Figure 14 indicate that carbon dioxide and
not carbon monoxide is formed initially and hence reaction (I) occurs. The
higher than theoretical carbon monoxide-carbon dioxide ratios for 12-inch
beds may be attributed to the presence of hydrogen chloride and/ or phosgene
in the reactor effluent gas stream,

J. Bed-Movement

By far the most scrious operating difficulty expericnced
during the foregoing semi-continuous and subsequent batch chlorination
experiments was the failure of the bed to drop even after it was almost
thoroughly chlorinated. An examination of the reactor bed prior to pass-
age of chlorine, by probing withametal rod always showed it to be soft
or fused. This characteristic, is attributed to the physical characteristics
of amorphous boric oxide, The amorphous form has no definite inelting
point. At 750°F, amorphous boric oxide softens sufficiently to be mechanically
deformed; at 1110 to 1290°F, the viscosity is reduced so that extrusion
is possible; and at temperatures above 1440°F, it melts, Consequently
softening of the bed to some extent is almost unavoidable. To alleviate
softening and fusing, the solid charge for most chlorination experiments
contained a considerable amount of excess carbon. Attempts to correlate
bed movement difficulties with chlorine rate and bed temperature were not
successful,
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V. USE OF A CARBON BED TO CONVERT WHITE SOLIDS

A, Discussion

The *white solids® formed along with boron trichloride
resulted in plugging of the effluent gas lines necessitating frequent shat
down, and reduction in chlorine and boron conversions. Solid accumulat-
ing sn the lines would prevent continuous operation of a commercial size
reactor. It was believed that since the "white solids® appeared to be
boric oxide they could be reacted in the presence of carbon and supple-
mentary chlorine to form additional boron trichloride. An extensive
test program was initiated to determine (a) the feasibility of using a
carbon bed, and (b) tue optimum size of carbon bed for white solids con-
version. All the caruon bed experiments were of the "batch® type.

At first a l-inch diameter x 12-1n~h long horizontal
auailiary carbon bed was installed immediately downstream {rom the re-
actor, Experiments BL-34 to 41 were conducted with this addition, The
results were not conclusive. In a second set of experiments, carbon
pellets were charged directly into a 3-inch inside diameter by 12-inch
(heated length) chlorinator on top of a charge of boric oxide-carbon
pellets. The results of these special experiments (A-1, 2 and 6) were
80 encouraging as to warrant fabrication of a 2-1/2-inch inside diameter
x 24-inch long carbon bed reactor. Experiments BL-45 to 56 were made
with this larger carbon bed in a horizontal position. Excessive channel -
ing through the carbon bed necessitated the installation of a vertical
carbon bed. Thirty-one batch chlorination experiments (BL-57 to 83)
were made in the 2-1/2-inch inside diameter by 24-inch long (heated)
vertical bed. Chlorine rate and carbon bed level were varied to obtain
design data, Experiments BL-84 to 9] were performed to determine
the effect of feed formulation (per cent ex:ess carbon) on production
rate. Except for a few control experiments a separate stream of
chlorine was passed to the carbon bed, The results of the carbon bed
experiments are summarized in Tables XI, XII, and XIII

B. One-Inch Inside Diameter Horizontal Carbon Bed

The apparatus utilized for this series of experiments,
BL-34 to 41, was essentially the same as that used for the preliminary
process-development studies as illustrated in Figures 1 and 2. A l-inch
inside diameter by 12-inch long horizontal carbon bed tube was installed
at the l-inch nickel pipe section of the chlorination reactor effluent
gas header. The carbon bed charge consisted of carbon (Witco) pellets
and was heated to approximately 1300°F. A supplemental chlorine stream
wi s passed to the carbon bed, R-2. The R-2/R-1 chlorine feed ratio
was .2,

In general, the operating procedure was the same as that
used for the preliminary process-development studies. However, s uce
these experiments were batch type, boric oxide-carbon feed materia.
was not charged during the experiment. Operating instructions were
to pass chlorine until free chlorine appeared in the effluent gas stream
as indicated by color change of a 10 per-cent potassium iodide bubbler,
or until excessive pressure or any other operating failure forced
termination,
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Figure 15 compares the production rate ve. chlorine rate
curve for the l-inch x 12-inch carbon bed experiments with corresponding
curves for the preliminary process-development experiments. Two | x
I2-inch carbon bed production rate curves are shown, one based on the
chlorine rate to the primary reactor R-1, and the other based on tntal
chlorine rate to R-1 and R-2, A comparisoa of the regular experiment
{no carbon bed) curve with that for | x 12-inch carbon bed experiments
based on chlorine rate of R-1 only, indicates that additional conversion
occurred in the carbon bed R-2), However, with the total chlorine
rate as a basis, it was apparent that mos: of *he chlorine fed to R-2 was
not undergoing reaction. Also, the average chlorine conversion for
the | x 12 horizonta! carbon bed experiments, 54.1 per cent, was lower
than that for regular experiments, 65 per cent. The average ratio of
boron in boron trichloride to boron in white solids was 11,5 which does
not represent an improvement over the ratio, I4, obtained for the earhier
experiments.

The effluent gas velocitv was increased 9-{old in the | -inch
inside diameter carbon bed after passing from the 3-inch inside diameter,
primary reactor, R-1, The short residence time apparently was not
sufficient to permit conversion of the solids. The auxiliary carbon bed
was then charged directly into the heated zone of the reactor on top of
the boric oxide-carbon charge to determine the effectiveness of a carbon
bed 1n a 3-inch diameter reactor.

C. Layer of Carbon l-ellets on Top of Boric Oxide-Carbon
Pellets

The apparatus used was the same as that for the preliminary
process-development studies.

First, boric oxide base pellets containing 100 per cent excess
Witco carbon were charged to R-1 so that a 3-inch tall bed was contained
in the hot zone. On top of this feed, a 3- or 9-inch layer of Witco carbon
pellets was added to serve as the carbon bed. Chlorine at the relatively
high rate of 20 cu. ft. ,hr. at S.T.P. was passed to R-1 unt1l t+~ /as
assumed to be exhausted based on predetermined calculations ur until
operating duficulties forced t rmination of the experiment,

The average prouuction rate for experiments BL-Sp. Exp.
Ay, A,, and A,, 142 1b./hr./ft.? [ bed (Table XII), (based on a 3-inch
diameter x 3-inch high bed) was greater than the calculated for a 3-inch
reactor bed height without a carbon bed, 130 1b. /hr. /ft.? of charge using an
extrapolation of the data presented in Figure 9. In view of these encourag-
ing results, a 2-1/2-inch inside diameter x 24-inch long horizontal car-
bon bed secondary reactor was fabricated for further carbon bed exper:-
mentation.

D. 2-1/2-Inch Inside Diameter by 24-Inch Horizontal Carbon Bed

The reaction, carbon bed, and solids recovery section
of the apparatus used for experiments BL-45 to 56 are illustrated in Figure 16.
The resistance wire-heated R-] used for previous experiments was replaced
with a gas-fired reactor of the same dimensions (3-inch n.p.s. x 12 inches
long). Carbon pellets in the nickel carbon bed reactor were replaced after
ever 3 experiments. The solids trap assembly depicted in Figure 16
was found to be ineffective and was replaced with a 2-inch diameter pyrex
pipe containing glass woal, No changes were made in the recovery system

illustrated in Figures | and 2.
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Chlorine flow was maintained until {ree chlonme appeared
in the reactor effluent or until a termination was necessitated by operational
dilficulties, The R-2,R-1 « R-2 chlorine rate was varied between 0.1
and 0. 2. With the exception of BL-45, in which A 100CW feed material
was used, the pritnary reactor charge consisted of A+ 100 W sintered
peliets,

In Figure |5 the production rate vs, chiorine rate data
are plotied with the use of both the chlorine rate to R-1 only and total
chlorine rate as & basis, Both curves exhibit boron trichloride rates
significant! higher than that for the regular (no carbon bed) experi-
ments. Th se data indicate that virtually all of the R-2 chlorine feed
reacted with the "white snlids” or complex to form additional boron
trichloride, This observation was substaintiated by the increased
average chlorine conversion (72 per cent) as opposed to 59 to 65 per
cent for the regular experniments.

Although the 2-1/2 x 24- inch horizontal carbon bed appeared
to be effective in converting the complex, some uncertainty existed, A
single control experiment (no carbon bed), BL-51, gave results which seem-
ed to discredit the effectiveness, The installation of the gas-fired reactor
reduced the height of the effective heated reaction zone from 12 inches to
approximately 10 nches. Consequently, production rate data for experi-
ments BL-45 to 36 are based on a 10-inch rather than 12-inch bed height.
Calculating the production rate data on a 12-inch rather than 10-inch
basis would cause the 2-1/2 inch carbon curve to regress toward the regular expe
ment curve. It 1s safe to assume that a considerable amount of
channeling occured. That 1s, the carbon pellets would have a teadency
to settle thus permitting part of the R-1 effluent gas to pass through the
carbon bed without contacting the carbon pellets. Therefore, a vertical
carbon bed was installed.

E. 2-1/2 Inch Inside Diameter by 24-Inch Vertical Carbon Bed

The reaction section for this series of experiments was
ydentical with that used for the 2-1/2 inch inside diameter horizontal carbon
bed experiments except that the carbon bed was vertical and a heat exchanger
was installed between the primary reactor, (R-1) and the carbon bed, (R-2).
This heat exchanger which used hot flue gas from the gas fired R-1 was
incorporated to prevent deposition of white solids between R-1 and R-2,

No changes were made in the recovery system.

Beginning with this series of experiments the method of
charging the bed was changed. Haretofore the cold zone (pipe section
below the hot zone) contained boriz oxide-carbon feed matcrial. From
BL-57 on, carbon pellets were firat charged to R-]1 up to 1 inch above
the bottom of the Transite shell. Eleven inches of boric oxide-carbon
pellets or briquets were then charged to R-1 on top of the carbon pellet
layer. The 2-1/2 inch inside diameter x 24-inch long carbon bed was
filled with fresh carbon pellets for each experiment, The height of the
carbon bed was varied from 0 to 24 inches. A stream of chlorine
amounting to between 10 and 20 per cent of the R-]1 rate was passed to
the carbon bed. For experiments in which no carbon pellets were used,
a small amount of chlorine was fed directly to R-2 for the purpose of
duplicating a chlorine atmosphere. The carbon bed charge was supported
by a slotted spool piece inserted through the bottom flange so as to con-
tain the entire bed in the hot zone. Experiments were terminated when
free chlorine appeared in the R-2 effluent gas stream or when operating

difficulties (high pressure, leaks) necessitated shut-down.
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The effect of carbon bed height on boron trichioride production
rate ve. R-1 chlorine -ate is depicted in Figure 17. A production rate curve
for the preliminary process development studies is included for comparison.
Figure )7 shows that a considerable portion of the carbon bed chlorine
stream reacted to form additional boron trichloride. Table XI shows that
many experiments of thie series continued for fairly long periods before
chlorine was detected in the carbon bed effluent gas stream. This indicates
that, during this period, all of the supplemental chlorine fed to the carbon bed
reacted with the trichloroboroxine and carbon to form boron trichloride. |
Again, this supposition 1s substantiated by Figure 17, which shows that for
9. 12, and 24 inch x 2 1,2 inch inside diameter carbon beds, the boron
trichloride production rate i1s increased approximately 20 per cent, Figure
18, production rate vs total (R-1 and R-2) chlorine rate again shows that for
9., 12-, and 24-inch tarbon bed heights, essentially all of the carbon bed
chlorine was converted to boron trichloride.

The effectiveness of the carbon bed 1s further demonstrated
by the highly significant increase in the BBC!;/Bwhue solids TR0 which

averaged approximately 89 as compared with the ratio of 8.5 for the five
control experiments BL-57, 67, 72, 72R and 73,

Figure 19 is a plot of the effect of carbon bed height on
production rate of boron trichloride. Considering the nature of the curves
shown 1n Figure i9 and the surprisingly high chlorine conversions exhibited
by a 6-inch carbon bed, it is felt that a 12 inch long x 2-1/2 inch inside
diameter bed (0.0324 ft.}) is of sufficient size to convert the complex, at
a R-1 chlorine rate of 18 cu.ft./hr, at S.T.P. The boron trichloride produc-
tion rate at 18 cu.ft. hr. at S.T.P. is approximately 62 lb. /hr./ft.? of R-1
charge which 18 equivalent to 2.79 lb./hr. boron trichloride based on the
3 inch diameter x 1) inch high R-1 bed. Dividing the volume of the carbon
bed, 0.032 ft.' by the boron trichloride production rate 2.79 lb. /hr. yields
a design value of 0.012 ft.? of carbon bed per pound per hour of boron
trichloride produced.

The low boron pass yields, which average approximately
45 per cent, may be attributed to the operating procedure which called
for termination of the experiments at the first appearance of free
chlorine in the R-2 effluent gas stream,

Reference in Table XII shows that the phosgene content of
the condensed product ranged from a low of 0.0 to a high of 1.8 per cent
Phosgene 18 forined by the reaction’

CO + Cl, m———= COCJ, ®)

Above approximately .470°F (800°C) the reaction favors total decompos-
ition of phosgene. However, results shown in Table XII indicate no
correlation between carbon bed temperatures in the range 1300-1600°F
and phosgene formation. Phosgene formation was highest for experiments
in which the 25-inch carbor. bed reactor was maintained empty (zero
carbon bed) or partially full (6-inch carbon bed). The apparent conclusion
is that the combination of a hot empty tube and a reactor gas stream con-
taining free chlorine and carbon monoxide is conductive fo formation

of phosgene.
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The average hydrogen cnioride to boron trichloride weight
ratio for control experin.ents (BL-37. 67, 72, 73 and 72R) and 24-inch
carbon bed experiments was 0. 1) and 0,15 respectively, which represents
a substantial improvement over the average value of 0, 38 obtained for
the preliminary development experiments. The hydrogen content of the
boric oxide-carbon feed for the carbon bed control experiments averaged
0. 35 per cent whereas the percentage 1n the boric oxide-cardon feed for
the preliminary development experiments ~as higher than 1.3 in some
Laners.

F. Efiect of F.xcess Carbon in Feed

Several experiments (BL-84 to 91) were performed to deter-
mune the effect of excess carbon content of the feed on its reactivity., Pre-
viously, experiments had been performed to investigate ihis variable as
part of the preliminary process development studies. These early experi-
ments had indicated that increasing the excess carbon from 20 per cent to
200 per cent (over the stoichiometric amount to form carbon monuxade)
had very hittle effect on the production rate and on the amount of "white
solids" formed. The results for experiments BL-84 to -9! are presented
in Tables X1 and XII,

A summary of the results showing average yields and pro-
duction rates obtained with various formulations are shown in the follow-
ing table,

Excess

Carbon Production Pass Yield (Conversion)

in Feed Rate (a) B TIY Overall

per cent lb./hr./ft.} per cent per cent Yield

50 48.0 81.2 79.7 94.1

100 45.0 62.4 77.2 95.1
200 40.3 85.3 71.2 97.3
300 41.06 77.9(b) 75.7 85,7

(a) Based on l4.! cu.ft./hr. at S.T.P.
(b) Low because of hole in thermowell requiring shutdown.

The data shov hnth production ates and chlorine
conversions decreascd with ai. 11. -ease in the excess c~rbon content
of feed. Inasmuch as conditions were about the same with respect
to temperature, residence time of chlorine, and experiment time,
it 1s believed that the lower excess carbon feed provided more eff-
icient contact of the active solids by chlorine. The bulk densities of
the various feed materials are shown in Figure 20,

G. Grate Experiments

The practice of supporting the R-1 bed by a bed of carbon
pellets would hinder the continuous removal of ash and carbon. It was
felt that the use of grate might overcome this difficulty and, at the
same time, definitely locate the reaction zone,

Page 16

s 5 SRR RN S o B SRR R RSB R i N o R Roep bl il

T o - Sl d v —— bt o -




Accordingly a slotied grate was installed wn R-1J t0 replace
the bed of carbon pellets. Aside from this modification, the apparatus
and operating procedure was the same as that for the 2-1.;¢c x 4-nch
vertical carbon bed experiments,

The results of a single experiment, BL-75, indicated
that loss of the preheating action normally supplied by the supporting
pellets was the cause of a decrease Iin production rate and Yoron pass
yield. Visual examination of the reactor bottoms showed a lightly
fused mass of unreacted briquets located just above the grate.

Vi, RELATIVE REACTIVITY OF VARIOUS SOLID FEED FORMS

Studies were conducted to evaluate the relative reactivities of the
following feed forms

a. Tablets

b. Briquets

C. Spherical Granules
d. Powder

Reaction characteristics of tabletted feed were reported in the preliminary
process development studies.

A, Reaction Characteristics of Briquetted Feed

Experiments BL-57, 67, 72, 72R and 73 (briquetted feed,
control - no carbon bed), summarized 1n Tables XI, XII, and XIII are used
to compare the relative reactivity of briquetted versus pelletized feed.
Figure 17, shows a comparison of briquetted feed (control, no carbon bed)
with tabletted feed (preliminary process development e. periments) with
respect to boron trichloride production rates. This illustration shows that
at a give rate of chlorine flow, solid feed in briquet and pellet form
produced boron trichloride at substantially the same rate. For convenience
the following table is presented to compare the reaction characteristics of
briquetted feed with pelletized feed,

Boron Chlorine Impurities in
Pass  Overall Recov- Pass Recov- Condensed Product
Yield Yield ery Yield ery CT, —COCT,
per per per per per per per
Feed cent cent cent cent cent cent cent
Pellets 29(a) 50 73 65 84 0.5-»20 Not analyzed
Briquets 44 72 78 62 83 6~»27.0.0t00.9
Production B B
Rate (b) BC1y/ sohds  yey, ) pel,
Feed b, /ar, BCly Wt. Ratio Wt. Ratio
Pelle's 1.99 14 0.38
Briquets 2.07 8.3 0.11
(a) Relatively low because of BOC pellets in cold zone,
(b) Based on Cl; rate of 15 cu.ft./hr. at S.T.P. to R-1
Page 17
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A comparison of the average L.ron pass yields i1s not advisable
because of the different charging procedures used. The foregoing table shows
that briquets and pellets exhibit almost identical chlorine conversions., Tpe
difference in BBCI.' ”whuc solids ratio (14 vs. 8) is not considered significant,

It was pointed out previously that the lower hydrogen chloride-boron trichloride
average ratio for the «arbon bed control experiments (chlorination of boric
onide -carbon briquets, no carbon bed), 0,11, as compared with 0.38 for BL
caperiments with pelletized feed L.ydrogen chloride - boron trichloride -

0. 34) was the result of lower residual hydrogen content of the solid feed,

The comparable reactivities of briquetted feed and tabletted
{eed indicate that reactivities were not affected by difference in particle
diameter between |4 inch (pellets) and 3.4 inch (briquets). Also significant
18 the fact that briquets exhibited good reaction characteristics in spite
of the adverse “mean particle diameterdreactor diameter™ ratio of }/4¢}3,
or 0,25,

B. Reaction Characteristics of Spherical Feed

A gas fired 3-inch inside diameter x 12-inch externally
heated primary chlorinator R-!, and a 2-1/2 inch inside diameter x
24-inch long vertical carbon bed, R-2, were used for this series of experi-
ments, BL-108 to 138R, The effluent gases from R-1 entered the bottom of
R-2 and were discharged at the top. This change was made to alleviate
the difficultv of packing of solids observed during several carbon bed
experiments. The revised reaction system 1s shown in Figure 21. The
operating procedure for these experiments was the same as that followed
for the carbon bed design experiments except that sintered granular
A-100W, 1,8 inch-1/4 inch diameter boric oxide-carbon feed was cha rged
to R-1, From experiment BL-125 on, the R;/R; chlorine ratio was
raised from 0.2 to 0.3 because it was noticed that some solids were
passing through the carbon bed into the R-2 effluent gas lines. Results
obtained from this series of experiments are summarized in Tables
X1V and XV,

Preliminary plotting of boron trichloride production rates
vs. total chlorine feed rates as measured by rotameter readings yielded
highly scattered points for both spherical feed and briquetted feed
experimeuts. Assuming that there were errors in the chlorine feed
rates because of difficulties 1n maintaining constant flow throughout the
experiments, the production rate vs, chlorine rate data were plotted
with the use of the total recovery of chlorine plus Cl” as a basis for the
chlorine rate., Figure 22, Boron Trichloride Rate vs. Chlorine Rate,
shows that very little scatter is evident and that spherical and briquetted
feed exhibit identical production rates at given chlorine rates. This
figure also shows that production rates are 15 per cent below theoretical,
In other words, actual pass yields based on chlorine and Cl recovered
were 85 per cent, the other 15 per cent chlorine was recovered in the
form of hydrogen chloride, corrosion products, unconverted solids
(XB;O, * YBCI,) and free chlorine. The 85 per cent chlorine pass
yield conversion based on chlorine and Cl™ recovered was substantially
higher than the average value of (4 per cent obtained on the basis of
rotameter readings. .
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C. Reaction Characteristics of Powdered Feed

The R-1 boric oxide-carbon {eed for chlorination experiments
with the use of a powdered charge was as follows

BL-77. A+ 100W briquets, pulverized, & to J0 mesh BL-78, A l00
granules, 30 mesh. Data from these tvo experiments » included an
Tables X1, X1I, and X111,

fhe boron trichloride production rates for the powdered
feed experiments compared favorably with those obtained for experiments
with {eed in the form of briquets, tablets, or spherical pellets. Boron
pass yields were, however, very low, Inspection of the reacio) bottoms
s howed evidence of severe channeling through the core and fusii g of the
hed. Therefore, the utilization of a {ixed bed of boric -oxide -casbon powdered
feed 18 not recommended,

VIl. USE OF A COLD BED OF BORIC OXID<-CARBON MATERIAL TO
FILTER WHITE SOLIDS

It was belived that the necessity for a carbon bed "white solids”

converter R-2 could be eliminated if the R-] effluent gas stream were
ssed through a bed of cold boric oxide-carbon feed material which

would condense the complex on the surfaces of the particles. The pro-
cess would be readily adaptable to large scale production with a moving-
bed counter current {low type reactor having a cold zone of boric oxide-
carbon, briquets, at the uppermost part of the bed. These cold briquets
would trap the solids which would be chlorinated along with the briquets
when lowered into the hot reaction zone., Thirty bench scale chlorination
experiments BL-146 to 172 and 193 to 201 were conducted to determine
the feasibility of the process. The results are presented in Tables
XVI, XVII, XVII| and XIX,

The reaction system used for thuse experiments was the same as
that used for the grantlar feed evaluaticn tests as illustrated in Figure
21, Inthe last 7 experiments, Bl.-133 o 201, a sodium hydroxide
scrubber was put on stream in the “ecovery system to recover any
chlorine not condensed in the refr:gerated product condensers. The
caustic scrubber was installed immediately upstream of the vent so
that the Orsat analyses would include drtermindtion of carbon dioxide,
The wet test meter measured carbor dioxide in addition to carben
monoxide, oxygen, and nitrogen,

With the exception of experiments BL-156 and 157, 1] inches of minus
1/4, plus 1/8-inch A-100W granules were charged to the 3-inch
inside diamter primary chlorinator, R-1. For BL-157 and 156 the R .
charge consisted of A.83W briquets which had served as the (R-2)
white solids filtering medium (cold boric oxide-carbon bed experiments)
for BL-154 and 155, respectively. In all experiments, the R-1 boric
oxide-carbon charge was supported entirely in the hot zone of the gas
fired reactor tube by carbon pellets. The material in the cold boric
oxide-carbon bed (R-2) was A.150W briquets except for a few experi-
ments in which carbon pellets were used. Twenty-four inches of
material were charged to the R-2 solids filter for all experiments
but BL-165, 167, 168 and 169, in which the bed was varied between
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6 and 18 inches 1o deteraiine the optimum size, In experiments BL-170,
171, and 17&. the temperature of R-& was varied 1o determine the max-
vinutn allowable temprrature, Otherwise no heat was supplied to R-C,

The last seven eaperiments of this series, BL-19) 10 20i were conducted 10
deterim.ne the cause of luw chlurine recoveries, Sampling techniques we e
improved during these latter experimonts, In most cases, operating
wnatructions called for passing chlorine to the primary chlorination for a
predetormined period of time to theoretically react with the entire boron
charge. A supplemental chiorine stream was not passed to R-2. Apant
from the aforementioned (hanges, the operating procedurc wae the same
as that folluwed for vertical carbon bed design experiments,

The data summarized in Table XIX show that the first set of
chlorination experiments which utilized a 2-1/2 inside diameter x 24
inch long auxiliary bed of cold boric oxide-carbon briquets, experiments
BL-148 to 155 exhibited slightly lower chlurine and boron pass yields
than experiments INCOPPOrating a heated carbon bed with supplemental
chiorine lced. This decrease in pass yields may be attributed to the fact
that the R-1 effluent complex is retained in a cold boric oxide-carbon
bed whereas they are coaverted to additional boron trichloride in a
heated carbon bed. The average boron trichloride producticn rate for
the cold, 24-inch boric oxide-carbon filter bod experiments, 2.08 Ib. /hr.
was comparable to that obtained without use of an auxiliary bed.

The effectiveness of the filtering action of the cold bed 1s shown by
the high average value of 390 obtained for the ratio BBC!,'Bwhite solids.

The value 18 considerably higher than the 8.3 value obtained for the re-
gular experiments (direct chlorination of boric oxide-carbon briquets)
and the 89 obtained for hot carbon bed experiments.

The high pass yields and overall yields obtained for BL-156 and
157 indicate that spent briquets coated with "white solids from the cold
auxiliary boric oxide-carbon bed may be chlorinated without noticeable
loss in yields. These data suggest that operation of a moving bed type
reactor incorporating a layer of cold ! »ric oxide-carbon feed material
on top the heated reaction section may be feasible, Abnormally high
boron recovery and yield data may be attributed to sampling errors.

Figure 23 shows the relation of height of cold bed to boron tri-
chloride yields. Data from the following experiments are plotted:
24-inch bed, BL-166, 18-inch bed, BL-167, 12-inch bed, BL-168, 6-inch
bed, BL-169. The sharp break in the boron pass yield curve between
bed heights of 6 and 12 inches indicates that a 12-inch bed was required
for maximum effectiveness at a chlorine rate of 15 cu.ft. /hr. at S, T.P.
This 12 x 2-1/2 inch’diameter bed is equivalent to 0.02 ft.? cold boric
oxide-carbon briquets per lb. per hr. of boron trichloride produced.
With a 6-inch bed filtration of the effluent gas stream for a chlorine rate
of 15 cu. ft. /hr. at S.T.P. was incomplete, and this resulted in plugging
of glass wool solids trap. The decrease in pass yields for bed aeights
greater than '8 inches might have been caused by plugging tendencies
ree ting from increased packing of the bed. However it is more reason-
able to suspect experimental error 1n as much as other experiments with
a 24-1nch cold boric oxide-carbon bed did not indicate any decrease 1n
efficiency. The plot also shows that bed height had little effect on chlorine
conversion which 1s to be expected because a cold bed merely traps out
the solids and does not convert them.

Al
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Determination of the maximum temperature at which a filter bed of
boric oxide-carhon briquets is effective was attempted in experiments BL- 16
10 164 and 170 to 172, Bed temperatures were varied from 340 to 690°F,
With the bed maintained at 500°F, there was evidence of "white solide”
bridges between briquets as well as between briquets and fiiter tube walls,
However, at temperatures above 600°F . the efficiency of the iller bed
d.minished rather significantly as evidenced by plugging of the glass
wool traps. These tests show that, for maximum fficiency, the worlung
part of the cold bed must be maintained at a temperature not excecding
500°F., Figure 24 shows the relationship between filter bed temperatures
and the B B . ratso, This illustration emphasizes the impor: -
ance of mgr:;'.\ ) ‘\M%ﬁ&mg part of the {ilter bed at temperatures
not exceecwing S00°F and preferably at 400°F or less.

Vill, USE OF PREHEATED CHLORINE

Previous experimentation had indicated that, at certain temperatures,
the hea: of reaction might be sufficient to permit operation of the primary
chlorinator without external heat. This hypothesis was made on the basis of
heat balances and the fact that a considerable temperature increase of the
bed was observed at start-up for bed temperatures of 1020 to approximately
1250°F. Twenty-nine bench scale chlorination experiments, BL-92 to 108RR
were performed to investigate the degree of exothermicity. The results of
these experiments are summarised in Tables XX and XXI.

A sketch of the reaction system utilized for this series of experi-
ments is shown in Figure 25, The 24-inch x 3-inch bore split-element
resistance wire furnace used to heat the carbon bed for previous exper:-
ments was utilized to pre..eat the chlorine. Initial preheating experi-
ments showed that excessive heat losses occuring in the transfer line be-
tween the preheater and R-1 necessitated the heating of this section of
pipe with resistance heaters. A carbon bed reactor was not included in
the test apparatus.

The R-1 boric oxide-carbon charge consisted of 11 inches of A*83W
briquets contained in the hot zone of the gas-fired reactor, Carbon pellets
or briquets were charged to the chlorine preheater tube so as to attain
good heat transfer from tube to gas. Except for several control exper:-
ments, the R-] external gas heat was turned-off simultaneously with the
introduction of chlorine. During heat-up, a nitrogen purge rate equivalent
in linear velocity to the chlorine velocity was maintained to distribute heat
and to establish equilibrium conditions,

Initial atternpts to chlorinate A*83W feed briquets with preheated
chlorine wer~ uneuccessful. These experiments were characterized by
non-formation of boron trichloride, excessive hydrogen chloride formation,
and the appearance of free chlorine in the effluent shortly after start-up.

A series of 23 trouble-shooting experiments (TSR Runs) showed that the
absence of reaction was caused by a combination of the following: (a) uneven
temperature distribution throughout the reactor bed and improper location
of the bed thermocouple combining to give misleading R-1 bed temperatures;
(b) excessive hydrogen (water) content of the bed of pellets used to support
the boric oxide-carbon briquet charge in R-1; and (c) a batch of inferior
A-83W BOC briquets in R-1, The TSR results shown in Tables XX and XXI
are for those experiments conducted after the operating difficulties were
eliminated.

Page 21




In Figare 26, Lime versus temperature curves for chlorination exper:-
e ste with and without preheast of the chlorine and with and without main-
terance of external heat 10 the primary reactor, R-1, are presented.
The table in luded in Figure 26, sununarizing the various operating conds-
tions, aleo includes the volume of vent gas (carhon monoxide, carbon dio-
xide, and oxy jen) per hour of operating Ume, indicating the relative amount
of reaction that occurred for each experimmt, Figure 26 shows that de’ ite
areheating of chlorine, a rapid (il in bed temperature occurred for exper:-
mente in whic b the primary reactor heat was off during chlorination, The
rapid drop 11 e temperature is reflected in much lower vent-gas volume
per hour values and in much lower boron trichloride production rates and
chlorine « wiversions, For example, TSR-20 (R-1 heat maintained) pro-
duced 6. 84 (1." hr. of vent gas whereas BL-J06RR (R-1 heat off) yielded
only 1,76 1. nr. The relatively high vent gas volume for BL-104 may
he explained by the higher temperature of R-1 at the start.

From these data it 1s concluded that, wvathout an external source of
heat to the reactor, heat losses were too large for the heat of reaction to
overcome. It is possible , however, that a more efficient preheater system
combined with a better insulated reactor will yield more satisfactory results.

IX CHLORINATION OF ANHYDROUS BORAX-WITCO CARBON

Teate were conducted to determine the reactivity of anhydrous
sodium tetrahorate, The advantages of this material over boric oxide
were assumed to be as follows: (a’ sodium tetraborate is considerably
cheaper than boric acid or boric oxide, (b) the melting point of sodium
tetraborate 18 1365°F as compared with 1110°F, the softening point of
boric oxide (the melting point of sodium chloride would be formed as a
by-product 1s 1472°F ), (c) white solids might not be a problem. Accord-

ingly, cighteen chlorination experiments were performed, and the results
are summarized an Tables XXII, XXII, XXIV, and XXV,

Fhe apparatus used was the same as that described in Figure 21,
conmisting of a }-inch inside diameter x 1Z-1nch long nickel, gas-fired,
primary reactor, R-1, and a 2-1/2 inch inside diameter x 24 inch long
clectrically external) heated carbon bed. No changes were made 1n the
recovery system cxcept for the installation of a potassium iodide bubbler
hetween the water scrubber and the wet test meter to recover free
chlorine in the R-2 effluent which was not removed in the product
condensers.

An ll-inch bed of sintered anhydrous borax Witco carbon pellets
with 25 or 50 per cent excess carbon was charger to R-1, The excess
carbon was determined from the stoichiometry of the reaction:

Na,B,0; + 7Cl, + 7C ——» 2NaCl + 4BCl, + 7CO TI75)
Exceptions were (a) experiment BL-194 1n which incompletely sintered
material was purposely charged, and (b) experiments BL-209, 210, 216
and 217 in which the charge consisted of anhydrous borax chunks and
Witco carbon 50 per cent excess pellets. The auxiliary carbon bed was
charged with carbon briquets or pellets except as follows: (a) BL-173,
183-185, boric oxide-carbon briquets erroneously charged; (b) BL-19%4.
A-100W granules, (cold filter bed). R-2 was heated to approximately
1400°F except in BL-194, The R-1 charge for experiments BL-186,
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187 and 188 were heated to only 8407, 932°, and 782°F . respectively, to
determine the reactivity at these low temperatures. Otherwise the R-1
charge was heated to between 1200 and 1600°*F, Chlorine at 9.0 and &.5
cu.ft.ihr. at S.T.P, was fed toR-! and R-Z, respectively, except for
BL-19! where a rate of 24.0 and 7.2 cu.ft./hr. at S.T.F. was utilized
ard for BL-194 1n which the R-2 ( cold boric oxide-carbon granules)
cNorine feed was eliminated. In addition to the 9,0 cu ft. . hr. at S, T. P,
chlorine feed, carbon monoxide at 1.0 cu.ft./hr. at S. T.P. was fed 10
R-1 for experiments BL-2'6 and 217, in an attempt to determine the elfect
of carbon monoxide addition on the heat balance and reactivity,

Table XXIV summarizes the yields, recoveries and production
data f{or the various types of sodium tetraborate chlorination experiments,
For comparison, average values are presented for experiments with
boric oxide-carbon as the primary reactor charge.

Init;al anhydrous borax chlorination experiments indicated that
w~hite solids were formed at essentially the same rate as {:r experiments
with boric oxide-carbon feed. Temperature rise in the bed due to heat of
reaction was observed to be 50 to 100 per ceni greater for borax-carbon
feed than for boric oxide-carbon feed. A significant increase in fusing
of the reactor bottoms was also observed for borax-carbon experiments.

Experiments BL-186, 187 and 188 were performed at the low 1mitial
bed temperatures of 640, 932, and 752°F, respectively, Although the heat
of reaction inc reased the bed temperature to as high as 1250°F for experi-
ment BL-186, very little reaction occurred as evidenced by low pass yiei
and boron trichloride production rates. Experiments BL-206 and 207 which
were started at an initial bed temperature of 1290°F yielded 1,22 and
1.191b. boron trichloride/hr. (at 9.0 cu.ft. /hr. at S.T.P. Cl;toR-1)
whereas, experiments BL-204 and 208 with an initial bed temperature of

1100°F, produced only 0.82 and 0.74 lb. boron trichloride/hr. respectively.

Under similar conditions the chlorim tion of boric oxide-carbon feed yiclded
1.41 1b. boron trichloride/hr. These data indicate that reaction can be
ynitiated at a solids temperature of approximately 1100°F but that higher
temperatures favor increased boron trichloride production rates,

A comparison of recoveries, yields and production rates for
experirients using boric oxide-carbon feed with those using borax-carbon
feed (experiments BL-204, 206, 207, 208) shows that production rates
were 40 to 50 per cent lower with use of the borax-carbon. The hydrogen
chloride-boron trichloride weight ratio average for the borax-carbon
chlorination experiments was slightly higher than the 0. 157 value for boric
oxide-carbon experiments. The use of a heated carbon bed was equally
effective in eliminating white solids in the effluent gas lines.

Table XXIV also shows that for experiments BL-187 and 188 which
were started at very low temperatures, in addition to the low production
rate and pass yields, hydrogen chloride-boron trichloride ratios were
extremely high. This is presumably due to the reaction of the meager
amounts of boron trichloride produced with water in the borax-carbon
feed to form hydrogen chloride and boric oxicie or boric acid.
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For caperiments with a chiorine rate of 9.0 cu.ft.ihr, a1 S.T.P.
to R-1 and 2.5 cu.ft.ihe. to R-2) the amount of sodium recovered in R-2
as chloride ar passily ae borate did not exceed 2 per cent of the sodium-
charged tu R-1, In exper.ment BL.-191 the chiorine (eed rate was inc reased
1o 24 cu.ft, nr. to determine whether it would be accompanied by a corres-
ponding .nc rease n the amount of sodium carried over 1o R-2. Noncrease
was noted, Experiment Bl-184 shows that the carbon monoxide-carbon
dioxsde ratio increased from 0,60 to 2.5 as the experiment progressed. This
increase s probably attribnted to the increase in carbon bed temperature
trom | 385 to 1598 'F, The charge for BL-194 consisted of incompletely
sntered borax-carbon pellets. During this experiment, {requent plugging
of the Hiter trap and condenners wae observed, The boron pass yield,
I8 per cent, and boron trichloride production rate, 0,72 b, /hr,, were
yush lower than the averages for experiments BL-204, 206 207, and 208,
which were 48.9 per cent and 0.99 1b. boron trichloride: hr.

Material balance calculations for BL-174 ‘howed that 70 per cent
of the sod.um in the borax-carbon charge was conve «ted 10 sodiutn chlornide,
but that only &b per cent of the boron conteri was reactad and recovered as
product. In all experiments, the amount of sodium chloride formed as
dete rimined by chloride ion analysis of the reactor bottoms ‘ash or residue)
was considerably in excess of stoichiometry for that which could be formed

via the equation
2Na,;B,0, + 14C1, - 7C —————p 4NaCl ¢ 8BCl, - 7CO, \-_s_)

Experiumnents BL-204 to 208 were conducted with 25 per cent excess carbon

in borax-carbon pellets to determine whether any conclusions could be re-
ached regarding preferential chlorination of sodium over borou, It will be
recalled that the average boron and chlorine pass yields and boron trichloride
production rates for these cxperiments were approximately 60 to 70 per cent
of those for experiments with boric oxide-carbon briquets as primary reactor
charge. On the basis of the foregoing reaction, the chlorine pass yield and
boron trichloride production rate for borax feed should be 85,7 per cent of
that for boric oxide-carbon feed, The discrepancy suggests that the reaction
may be proceeding by a different path. A plausible explanation is offered

by the fol owing equations:

aNa,B,O, + 14Cl, + 7C ————>= 4NaCl + 8BCl, + 7CO;

ENE

3Na,B,O, + 2BCl, e 7530; + 6NaCl

N

2B,0, + 3C + 6Cl; ———= 4BCl, + 3CO,

CRCh

CO, + C=======2C0

If in addition to reaction (3), reactions (T7) and (I) occur, but (I) is incom-
plete, excessive sodium chloride is formed and lower boron trichloride
production rates are obtained. Furthermors, the "white solids" observed
with use of borax-carbon feed can be explai..:? by reactions (I7) and (I).
The severe fusion of the reactor bottoms characteristic of borax-carbon
experi ments cannot be explained on the basis of reaction (3) and the relative
melting (softening) points of borax, sodium chloride, and boric oxide,

which are 1365°, 1472° and 1110°F re.pectively. However, the occurrence
of reaction (17) conveniently accounts for the phenomenon.




Table XXV shows that the calculated R-2 effluent gas stream com -
position for borax-carbon feed, oxperiment BL-207, compares favorably
with that for boric oxide-carbon briquet feed, experinent BL-141),

In exper.ments BL-209 and 210 the reactor charge consisted of chunks
of anhydrous borax up to 12 inch) interspersed with carbon pellets to give
an approximate overall feed formulation of NBO.S0W,, or 50 per cent
excess Witco carbon. Data show that virtually no product was obtained
and that the boron and chlorine pass yields were extremely low, However,
in experiment BL-210, 152 g, of hydrogen chloride, representing about
15 per cent of the .hlorine charged, was recovered in the water scrubber
indicating that some boron trichloride had been formed and then hydrolyzed,
or that the residual hydrogen (as water) had formed hydrogen chioride 1n
accordance with the following equations

and M, - Cy, ) 2HC! T9)

The R-1 charge {or exper.ments BL-216 and 217 wan the same as
that for BL-209 and 210. In addition to chlorine at 9.0, carbon monoxide
at 1.0 cu.ft . hr atS.T.P. was passed to the primary chlorinator. Re-
sults show that only insignificant amounts of voron trichloride were

formed.

X. CHLC..INATION OF BORON CARBIDE

Seventeen batch experiments were performed o evaluate the re-
action characterist.cs of boron carbide, In addition to ite higher heat of
recaction, other possible advantages from use of boroa carbide as the source
of boron include (a) the elimination of fusing due to the high melting point
of boron carbide (4260 ‘F), and (b) elimination of white solids due to the
absence of boric oxide. Operating conditions and production data for the
tests arc summarized in Tables XXVI, XXVII, anc XXVIIl. Averagce re-
sults for boric oxide-carbon experiments are included in Table XXVIII
for comparison.

The apparatus used for these evaluation experiments was the
same as that used for the spherical boric oxide-carbon feed and borax
feed experiments and is illustrated in Figure 21, A caustic scrubber
was added for a few of the {inal tests.

The R-1 charge consisted of. (a) 1/4 to 1/2 inch diameter boron
carbide chunks mixed with carbon pellets in varying proportions (experi-
ments BL-158 to 182); or (b) powdered boron carbicde and Witco carbon,
(BL-189 and -190); or (c) A-100W pellets containing .05 l1bs. boron
carbide for each pound of boron carbide plus boric acid (BL-213, 214,
and 215); or (d) same as (c) but in spherical pellet form and with a
boron carbide/boron carbide plus boric acid ratio of 0.0123, (BL-222)
For all experiments, the R-1 charge was supported in the hot zone
by a bed of carbon pellets. With the exception of BL-158 and 159,
the gas heat source to R-1 was turned off simultaneously with the
introduction of chlorine. In experiments BL-158 to 161, -189 and -190
a secondary reactor R-2, was not used. A vertical carbon bed contained
in a 2-1/2 inch inside diarncier x 24 inch heated pipe to which supple-
mental chlorine was fed, was used for experiments BL-175, 176, 177,
179 and 213-215 whereas a cold bed of boric oxide-carbon briquets was
used for experiments BL-180, 181, 182 and 222. Chlorine was passed
to R-1 at a constant rate, except for BL-176 to 181 where the rate was
varied in an attempt to sustain the reaction without supplying additional

heat. Page 25
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Operating instructions called for shutdaen when (a) the be appeared
to be exhausted as evidenced by {ree chlor:ne in the effluent, or ‘b) when
the R-1 bed temperature had dropped suffliciently or as to no longer sustain
reaction, or (<) operating difficulties necessitated shutdown. A primary re-
actor charge of 100 per cent bo-on carbide was not tested due 10 the known
excessive heat of reaction.

The (srst two boron carbide chiorination experiments BL-158 and 159,
whic s utalized an R-1 charge of boron cartide chunks 17 per cent) and 1. 4-
snch diameter carbon pellets (83 per cent) at & start up temperature of 1290°F
had to he terminated prematurely because of excessive leakage caused by the
attanment of excessively high temperatures (above 1800°F). Yields were
low for the same reason., Table XXVIIl shows a significant increase in the
B!)Cl,.,fawhue solids 721100 148, ve 8.5 for boric oxide-carbon briquets)

which confirms the hypothesis that boric oxide must be present to form
*white solids’ . The rather high hydrogen chloride-boron tric'iloride weight
ratio 1s the result of excessive hydrogen as water in the car®on pellets and or
the short durat.on of the two experiments. Experiments of short duration
usually exhibit high hydrogen chloride-boron trichloride ratios becauase

boron trichioride formed will initially react with any water present {0 form
boric oxide and hydrogen chloride until the water content of the charge has
been exhausted. In chlorination experiments BL-160 and 161 (same charge
and chlorine rate as 158 and 159) the external gas heat supply to R-1 was
turned off simultaneously with the introduction of chlorine to see whether

the heat of reaction was sufficient to balance heat losses and thus sustain
reaction. A temperature rise of approximately 30°F (to 1320°F) occurred
shortly after start-up with chlorine after which the temperature of the bed
dropped rapidly and reached 1020°F, 40 minutes after going on stream.

The rapid reduction in bed temperature and consequent loss of reaction

was reflected in (a) low chlorine pass yields, 26 per cent; (b) low production
rates, 0.45 lb. boron trichloride, and (c) high chlorine content of the condensed
product, 66. per cent.

Attempts to sustain reaction over a period of ime by varying the
boron carbide concentration of the charge and by regulating the chlorine feed
rate throughout the experiment (BL-175 to 183), were partially surcessful,
Figure 27 depicts the time-temperature curves for two of the expecriments,
BL-179 and 181, and for an experiment with boric oxade-carbon ni:quents,
Although BL-179 and 181 were started at essentially the same temperature,
1100°F and at the same initial chlorine rate 9.0 cu.ft. /hr. at S.T.P. to
R-1 and 1.0 to R-2 and had approximatciy the same boron carbide concen-
tration, reaction temperatures were maintained successfully in BL-179
whereas a rapid drop off was observed for BL-181. Higher pass yields
and production rates were obtained in BL-179. Boron and chlorine pass
yields for BL-179 compare favorably with the average values obtained with
use of boric oxide-carbon briquets and no carbon bed. However, production
rates were slightly lower,

It was thorght that the generally low chlorine and boron pass yields
experienced for numerous boron carbide chlorination experiments were caused
by poor dist.ibution of boron throughout the reactor charge. Futhermore,
the poor t:mperature distribution experienced in these experiments, (hot
spot.), was also thought to have been the result of poor boron distribution.
Accorangly, BL-189 and 190 were performed with a charge of intimately
mixed 20 to 200 mesh boron carbide (27 per cent) and 20 to 40 mesh Witco
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carbon (7) per cent). The Witco carbon was dried at 500°F bhefore mixing
with the boron carbide powder. A carbon bed was not used for these two
experiments, Excessive heat of reaction resulted 1o buning of the R- |

the rmowell and premature shutdown. Tab.e XXVII shows low horon pase
yields for these tests. However the chlorine conversion of 77 per cent and
boron trichioride production rate of 1.53 1b. .hr. for experiment BL.190
are superior 10 corresponding boric oxide -carbon briquet, -no carbon bed
averages. 1he most significant result obtained tn eaperiment BL-190

was the low hydrogen chloride-boron trichloride weight ratio 0.02e). In
all previous exprriments the carbon in the bed consisted of sintered Witeo
pellets which contain hydrogen equivalent to between | and } p.r cent water
originating prunarily from water added during the pellet preparation provess.
However, in exper.ment BL-190, water was never added to the carhon.

Examination of the residue in these experiments failed to indicate
any fusing or softeming. The residucs were {ree-flowing. Furthermore,
the amount of “white solids” deposited in the overhead hines was
negligible,

In experiments 3L-213, 214, and 215, the R-1 charge consisted of

1. 4-1uch tablets prepared from mixtures of boric oxide, Loron « arbide,
and carbon formulated to 100 per cent excess carbon. This charge was
formulated to yicld & boron carbide-boric acid plus boron carhide ratio of

,20. At R-1 chlovine rates of 15 and 13 cu.ft. . hr, at S.T.P. for BL-2I}
and 214 respectively, reaction was excellent. The reactior was sustained
for 30 minutes R-1 heat off during experiment), until excessive heat
necessitated shutdown. The production data for experiment BL-213] pre-
sented in Table XXV show that reactivity of this fced compared favorabhly
with that of boric oxide-carbon briquets maintained 1n a continuously
aeated reactor tube, In experiment BL-215, the R-1 chlorine rate was
reduced 10 9.0 cu.ft. /hr. at S.T.P. Reaction temperatures could not be
sustained at this lower chlorine rate, Af ter a 100°F te:nperature risc to
1310°F, the bed temperature dropped to 1000 °F rapidly, Experiment
BL-222 (A’ 100W ¢+ B‘C {eed. B‘C/B.C + H)BO) =0, 01Z3) had to be discon-
tinued after 13 minutes of chlorinating time because of plugs caused by
deposition of solids in the line, The hydrogen content of the feed was
1.02 per cent,

XI. USE OF CHLORINE-OXYGEN MIXTURES CHLORINATION OF
BORIC OXIDE - CARBON FEED WITH A MIXTURE OF CHLORINE
AND OXYGEN

In experiments BL-218, 219, and 221, the chlorine feed to R-1 was
supplemented with oxygen to determine whether additional heat could be ob-
tained through combustion of the excess carbon present in the solids charge.,
Data from these experiments are contained in Tables XXIX #nd XXX,

The batch type reactor system described in Figure 21 was utilized.
No changes were made in the recovery system,

A 3-inch diameter x l1-inch bed of 1/8-1/4-inch diarneter A°100W
granules was charged to R-1. A*150W briquets were charged to R-2
to serve as a white solids filter. The R-1 bed was heated to 1250°F and
the external source of reactor heat, gas, was turned off with introduction
of the mixture of chlorine and oxygen, Each experiment was on stream
for 1.0 hour, at which time the experiment was purposely terminated,
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Time -temperature curves for the three experiments shown in
Figure 2P indicate that considerable additional heat was obtained. Con-
versions and horon trichloride production rates were substantially better
than for experiments in which no oxygen was fed but considerably lower
than for experiments in which external heat was maintained throughout
the experiment,

X1l, ROTARY TUBE CHLORINATION

As part of a general program to investigate various other methods
0! prodas ing boron trichloride, a series of bench scale chlorination exper:-
ments were performed with a rotary kiln type reactor. The results of six
experyments are summarized in Tables XXXI and XXXII.

Figure 29 1s an illustration of the Rotary Chlorinator. The reactor

was a modified Bartlett-Snow Rotary Calciner consisting essentially of

a 7-foot iong nicke' a'loy tube with a 5-1/2-inch inside diameter carbon
liner. Heat was supplied by a gas furnace which heated 2-3/4 feet of the
retort tube, Four 3, 4-inch flights, each 3-1/2 feet long, were inserted

in the furna.e .hamber. Dried and preheated chlorine was fed counter
current to the flow of solids, The boric oxide-carbon feed was charged

by a screw type feeder. The recovery system was essentially the same
as illustrated in Figures | and 2,

The operating procedure was as follows:

(a; Start retort rotating

(b Preheat the retort for 2 to 3 hours

(c) Charge feed hopper and feed boric oxide-carbon granules
(or powder) for 2 hours to build up a bed

(d) Pass chlorine into the system

The chlorine rate during experiments RC-4, 5 and 6 was varied
to establish production rate versus chlorine rate relationships.

In experiment RC-1, the temperature in the reaction zone was deter-
mined by a thermocouple inserted into the bed of rotating feed. However,
after this experiment, flights were installed and the temperature was es-
timated by visual observation of the degree of glow on the retort tube.

In experiments RC-4, 5 and 6, the effluent gas stream was passed through

a glass wool filter and then directly to auxiliary water and caustic scrubbers
until the effluent was dry, The foregoing modification was effected to
reduce plugging which plagued earlier experiments.

As shown in Table XXXI, the first 3experiments were performed
with sintered granules as the feed material. Powdered feed for RC-4, 5
and 6 was prepared by pulverizing granules and then drying the powder at
500°F for 3 hours. The feed analysis for all experiments wa: appruoaimately
the same. ‘

For the first three experiments, it was necessary to operate the
chlorinator with the retort tube revolving at the lowest speed because both
the retort tube and the solids feed screw were connected to the same
drive. Even at the lowest speed the amount of solids fed was 5 times the
stoichiometric quantity required to react with the chlorine. The chlorine
feed rate was limited by the capacity of the recovery system. Table XXXII
(recoveries and yields) shows that very )ittle product was formed. Chlorine
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recovery was low because of leahs in the system. Frequent shutdown of
experiments RC-| (0 } was necessitated by the formation of plugs i1n the
cifluent gas lincs and in the recovery system, [t is believed that almost
all of the boron trichluride which was formed reacted with the water con-
tained 1 the excess boric oxide-carbon granular {eed to form hydroge
chlioride , horic oxide and boric acid solids which plugged the effluent

gas lines, For experiments RC-4, 5 and 6, the solids (eeder was connect-
cd 10 a scparate drive which permnitted a slower solids feed rate and reduced
the amount of water introduced with the feed, Al the same time 1t per-
mitted a more rapid rotation of the retort tube which improved the flight
action,

During a calibration experiment with powdered feed, good fligh
action was observed in the retort tube, The cylinder loading was about
4-per cent of the cylinder volume,

For experiments RC-4, 5 and 6 a line out period described in the
operating procedure was instituted, However, during experiment RC-4,
only one water scrubber was used, The highest boron trichloride pro-
duction rate, 1.0 lb. hr./ft.? of cross sectional area was obtained in
FC-6, with a chlorine conversion of 34,7 per cent, and a chlorine re-
covery of 71,8 per cent. This production rate is hased on the exper: -
ment ime only and excludes the line out period, The item "HCI Pro-
duction Rate as BCl,” in Table XXXII 1s the amount of boron trichlornide
that reacted with water 1n the feed, to form hydroger chloride,

Figure 30 shows the production rate of boron trichloride, the
production rate of boron trichloride plus hydrogen chloride as boron
trichloride and the chlorine ennversion as a function of the chloride
feced rate for experiments RC-4, 5-1, 5-2, and 6. The theroetical
production rate of boron trichloride, 100 per cent chlorine conversion,
based on chlorine fed 13 also shown for purposes of comparison. These
data show that a maximum production rate and chlorine conversion was
attained at a chlorine rate intermediate 1n the test range, The phenomenon
may be attributed to the conling effect of chlorine when fed at rates
exceeding 13.5 cu,ft. /hr, at S, T.P. The bed temperature may have
dropped below the minimum, about 1100°F requirec for reaction.
However, other factors such as degree of leakage and feed characteristics
may have influenced the shape of the production rate and conversion
curves,

The purpose of the Rotary Chlorination experiments was not to
obtain extensive operating data but to determine the feasibility of the
process, Results obtained from six experiments have shown that boron
trichloride can be produced in limited yields by chlorination of boric
oxide-carbon feed material in a Rotary-Calciner type reactor. However
process variables such as flight design, residence time of feed, effect of
chlorine rate over a wider range, effect of feed characteristics such as
particle size and per cent excess carbon, would have to be investigated
before building a pilot plant reactor. Bas~d on operating experience, it
is anticipated that fusing of boric oxide-carbon feed on the retort walls and
in the retort bed would present obstacles to continuous chlorination,
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Xill. CONCILUSIONS

A, Externally heated reactors, either electrically or gas heated
were found 10 give better control of bed tempe ratures than an internally
heated resistance bed electrode fu.nace in the chlorination of mixtures of
boric oxide and carbon at elevated temperatures. Heating experiments with
une of a resistance bed-electrode furnace were acc ompanied by (a) preferen-
hial current patha causing localized heating and poor temperature distribu-
tion across the bed. (b) frequent loss of contact between the electrodes and
the bed and ic) fusing of the bed.

B, Powde red mixtures of boric oxide and carbon could not be
chlorinated satisfactorily in a fixed bed due to channeling of chlorine caused
by fusior. of the bed at temperatures required for reaction. Feed formulations
contaiming 100 per cent excess carbon were tested,

C. Tabletted mixtures of boric oxide and furnace black carbon con-
taiming 100 per cent excess carbon were chlorinated satisfactorily at 1100 to
1500°F without fusion of the reactor bed.

D, Boric oxide-carbon feed in the form of almond shaped briqucts
or 1/8- to 1, 4-inch spherical granules chlorinated as well as tabletted feed,

E. An increase in the excess carbon content from 50 to 300 per
cent was accompanied by a decrease in the boron trichloride production
rate, and chlorine conversion. Apparently, this was caused by decreased
boron concentrations of the reactor bed,

F. Increasing the reactor bed temperature from 1125 to at least
1350 °F resulted in an increase in the chlorine conversion from 50 to 82

per cent.

G. Vent gas analysis for experiments in which the bed height
was varied fron 3 to 12 inches indicated that carbon dioxide rather than
carbon monoxide is formed first.

H. A chlorine residence time of approximately 0.25 seconds 1is
required to j roduce a product free of chlorine,

1. The following results were obtained for chlorinating a 12-
inch deep x 3-inch diameter bed of boric oxide-carbon briquets at approxi-
mately 1300°F, and at a chlorine rate of 15 cu.ft. /hr, at S.T.P.

BORON CHLORINE Condensed BCl,
Re- Re- Product Pro-

Pass Over- cov- Pass cov- Impurities duct-

Yield all ery Yield ery Cl, COCI, ion B

per per per per per per per Rate BCl, HCI
cent cent cent cent cent cent cent lb./hr, E'mm;ﬁﬂ,

44 72 78 62 83 6.0 0.0 2.07 8.5 0.11
to to
27 0.9




J. The formation of hydrogen chloride by the reaction of water
contained in the boric oxide-carbon feed, with boron trichlonde was minimiaed
by observing r.gid sintering and feed storage procedures,

K. *White solids® which were formed as a by-product and deposited
in the effluent gas lines, was virtually eliminated by passing the primary re-
actor c¢ifluent through a secondary reactor containing hot carbon pellets and
having a separate chlorine feed. A bed containing 0,012 f1.* of carbon per
pouna per hour of boron trichloride produced, and heated to approximately
1400°F, was required to convert the *white solids™ tu additional boron tri-
~hloride,

L. An unheated filter bed of 0,02 boric oxide -carbon briquets/
pound/ hour of boron trichloride produced was also found to be effective 1n
eliminating the problem of "white solids’.

M, Beric oxide-carbon chlorination experiments with preheated
chlorine were in;onclusive because of the inadequacy of the test equipment.

N. The inclusion of small amounts of boron carbide 1n the boric
oxide -carbon charge provides sufficient additional heat when rearted with
chlorine to maintain reaction temperature withou! external heat,

O. Supplementing the chlorine feed gas with oxygen resulted in
additional heat but not enough to sustain the reaction,

P, Chlorination of sodium tetraborate plus carbon is characterized
by: (a) preferential chlorination of sodium, (b) excessive fusion of the reactor
bottoms; (c) "white solids® formation at appraximv.tely the same rate as with
boric oxide-carbon feed. The excessive fusion o. the bottoms is believed
to be caused by the formation of boric oxide as nn intermediate, The pre-
paration of boron trichioride by the chlorinatioa of borax-carbon in a fixed
bed reactor is not recommended.

Q. Chlorination experiments in a rotary kiln type reactor with
boric oxide-carbon granules as solid feed showed that boron trichloride
could be produced in limited yields but that operation of a commercial size
reactor is not feasible because of the low chlorine conversion,

XIV. ATTACHMENTS

Tables I through XXXII inclusive

Figures | through 30 inclusive
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TABLE |

RAWMATERIALS

A. CARBON, WITCO CHEMICAL COMPANY
CHEMICAL AND PHYSICAL DATA

Fixed Carbor (per cent)
Moisture (max, per cent)
Ash (per cent)

Particle Size (mu)
Specific Gravity

Bench
Scale

Stock ia)
99

4 (typical 1)

0.2
70
1.90

Density (apparent 1b. icu.ft,) 20

,a; SKRF-F-1 Witco powder
b

Pilot
Plant

Stock Sb!

99
4
9
70
1.80
27-30

SRF beads, approximately 1/16 inch diameter,

B. BORIC OXIDE, BORIC ACID, AND ANHYDROUS BORAX:
CHEMICAL AND PHYSICAL DATA

B,0, (per cent)

H,0 (per cent)

Na (per cent, maximum-
typical)

SiO,(per cert, maximum-
typical)

Al,;0,(per cent, maximum-
typical)

Fe,04(per cent, maximum-
typical

CaO(per cent, maximum-
typical)

MgO(per cent, maximum-
typical)

Bulk Density (1b./cu.ft,)
(loose packed)
60 mesh

100 mesh

(a) U.S, Borax and Chemical Corporation
(b) 60 and 100 mesh technical grade powder

(¢) Dust

B;0, 5‘2("!

98.83
0.75
001’0.05

0.3-0.14

0.2-0,09

001'0004

0.05-none

0.02-none

6.0

61.5

HlBO,S;Nb! Na;B.O; ga!(c)

56, 3(theoretical) 69.2(theoretical)
43, 7(theoretical) Ng,o(&oebsrmm)

0.1-0,005

0.3-0.14

0.2-0.09

0.1-0.04

0.05-none

0.02-none

0.05-0,015
0.05-0,007
0.01-0,005
0.02-none
0.0l-none

SO, 0.27-0,005
Typical Analysis
Na,B,0,-99.3
per cent

H,;0 0.4 per cent
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TABLE | :Continued)

RAW IALS

C. BORON CARBIDFE CHEMICAL AND PHYSICAL DATA

BC per cen:)
Residual (¢) per cent

{ree carbon, ash, water)

!

B;0, (per cent)

Acid Insoluble
|

Parucfe Size

{a) Cleveland Industrial Research, (technical grade),

Norbide (b
CIR (a Lot | Lot & ot J
7%.9 91.2 82.4 T7.6
29.1 8,5 15,1 18.6
not given 0.3 2.5 4.8
not given 98.9 96.6 94.4
not given 3O mesh .10 3. 16
to l/idan, to to
1/2in,. 1.2 n,

used 1n experiments BL-158 to 161.
(b) Norton Company, technical grade.
(c) Determined by difference,

D. CHLORINE, HOOKER ELECTROCHEMICAL COMPANY, 100 POUND

Impuritics

Carbon Tetrachloride
Chloroform
Hexachlorethane
Ferric Chloride
Carbon Dioxide
Oxygen

Nitrogen

CYLINDERS

- 40 parts per
- 40 parts per
- 25 parts per
- 25 parts per
- 0.5 per cent

- 0.4 per cent

million
million
mallion
millio
by volume

by volume

This feed was

- 0,07 per cent by volume

E. NITROGEN, AIR REDUCTION COMPANY
Oil pump grade, in cylinders of 224 cubic feet at standard temperature

and pressure,
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TABLE IX
HYDROGEN CHLORIDE - BORON TRICHLORIDE WEIGHT RATIOS
FROCESS DEVELOFMERT EXFERIMERTS

BCi, HCI HCI Han
Poxpt, Made Made BCl, R-] Feed
No, i '8 Wt, Ratio per cent
BL-1} 917 2 244 -
BlL-lo yin, ) 153 453 .
BL-17 500. 5 186 . 372 .
BL-18 34.¢ 2l.3 .629 .
BL-19 542,4 126 . 232 -
DL-24 85,4 ju.4 .525 -
Bl.-26 946, 4 294 311 1.3
BlL-28 196.8 49 .249 1.3

TABLE X
CARBON MONOXIOE-TARBON DIOXIDE RATIOS:
~— PROCESS DEVELOPMENTEXPERIMENTS
Chlorine Tem-

Bed Rate pera- co
Expt. Height cu.ft./hr, ture
No., in, at S, T.P. °F CO;
BL-15 3 8.9 1346 3.1
BL-29 3 9.0 1292 1.05
BL-30 3 9.0 1112 0.77
BL-3] 3 9.0 1472 2.1
BL-2I 6 11.5 1319 2,02
BL-2} 6 11.5 1130 0.89
BL-25 6 11.5 1341 4.0
BL-27 6 11.5 1591 7.17
BL-13 12 9.1 1323 4.4
BL-4 12 6.8 1335 0.1
BL-17 12 6.8 1124 1.18
BL-28 12 4,3 1292 1.5
BL-8 12 3.6 1360 7.3
BL-11 12 3.6 1593 86.
BL-16 12 3.6 1154 1.6
BL-19 12 34. 1302 4.1
BL-22 12 34, 1174 2.32
BL-26 12 34, 1180 2.33




1%

e

b)

Bl Xi
OFERATING CONDITIONS FOR AUXILIARY CANBON “5D CHLORINATION (a)

Ciy Rate Tura Time
to te then  lime Excess
! R-2 Bed Height Bed Temperaiurs of  Boiore O
cuft Mr cuft N Solid Feed "ol OR2 IR Expt Foug Obeerved
a s ik, mS. L. Formaanion K 1] Form o, i, ¥ W M N M Remarse
0.0 L UvowIsKiIse Lz Lies .25 0 08y o
o 3.0 0 100w ISKISY [P M 1022 0.3 o7 piug
00 2.0 0. 100W25K150 1292 12921472 0 .50 0.%0 plug ot veat line and belore « bed
5.0 i 0.100W25K150 a9 1w e plug in line te by
8.0 I Ol0owIsKi s % e 0 % 0. e
. w 0,107 W 25K150 1292 1w 0.67 0.2 several pluge
. 1.6 O 100w 2ISKIN0 2% 1% 0.8330 07 plug betecen ondenser
15.¢ Vo 0 100w KIS0 e 1w V.87 0 ae plug o o bed
O I0UWISKIG W .25 0.2
0. 100WZKIS0 1292 im0, 0187 negligibie effivent gas line salide
0. h00w2SK1S0 1292 Ge 11 e eltlaent gas line solide
0 1000w 2SKIN0 so L 3 o i, et shurdown
A IOOW20Suwa 80 RN
A.100W 205SuWa BOWa) 138 .
A IDOW205Suwa B0 1300 plug ot reactor
A IUUWL0SSuwa BOWa) L1200 159
AlGUNSuwa plug \n trap
ALOOASuwe el
AlDOWNSUNS
ALOUwZ Swa pleg
ALOOW255Wa piug
ABIW205uW.
ABIW 2086 W a(
AW 2080 Wa,
A8 W 2050w plug in resctor
ABIW 208y piug in ¢ bed
ABIW20SuWa(e0
ABIW208uWa(soWs
ABIW 208
ABI W 208,
Asiw2 plug in reactor bed
ABIW208uwal
. 1i2® granules || plag in ¢ bed
briguer 1
briguer 11 Pplug in  bed
briguet |1 number I condenser plugged

piug in crossover between R and KU

i ERE
ABIW 205.WaieiWa) 0. plug in ¢ bed
ABIN 2080 0. Pplug in < bed
0. Plug in & 2 ved)
°
.0 0.
U0, 0y 0.
briguet 14 U400 plug 043
briquet 11 0,40 no plug 0,40
ASIM20S. W, owa) Lrigeer bi 9 Line  ino2 0.25 no plug 6.2
ASIWLOBu N o niiW e Lrwguer L) . 1044 (P30 2 s plug
briguet 1 ] ITIT T U, lhd no plug i
Lriguet 11 £ 1220 [EEY 0. 4,00.0) “ plag in « bed
briguet Ll 4 W e 6 08 no plug .09
AlUEWIoSuwa briguet i i 1232 158 0. 68 no pluy Shuitomn Lecause Ll cake
Al S.Na briquet 11 4 LR L L 0.80 u.80 shutdows be e . ve of plug in o bed
ASi aluSuma briquet 11 M4 e s 62 no plag u. 82
Lrkguet B i 1220 152+ shutdown becauee of | in wed ko0
brigquet |1 1) 1220 1ede
briguet 11 24 Lime dese
hriquet 1 24 M0 1w
briguet L1 24 MM 14w
Briguer 11 “ e e 6.5¢ hole burned thisugh the rm owell
Miscolisnpove Eaper
15.0 briguer 11 26 &0 1542 rate in B 1 1o suppurt bed.
0 ALOUWI0Suwae b0 Wy .o i 24 1 Y Loel 1. <M et powder from ground up Lriguetts
remarks
9.0 UL AlOUW 208 . Wa buWa) ee i i Lies iz 072 0.2 LY 30 meeh powder from grownd up yranuies

. 77, and 78 are miscellanecus experiments.

on peliete in carbon bed were used for experimentis BL 34 10 91,

BL 3410 4l

Lan 1 7 w12 . horisontal < -bed. Mesiotan e wire wrapped K |

BL-Sp.Expt. At 3 in. layer of C peliets on top of 3 in, layer of beric omide carbos peiiets,

BL -6 toSe 2 1/2 . 2% in. hori hed.

All experuments, San. 4. d, w12 in. nickel pipe R | wae woed,
Elapsed (be beiore colorine appeared in R 1 effiuent gas sireen o indicated by color hange of parassium todide salution

BLST 9, .
212, 1.4

P BL.TS Bork omide:carbon charge in R i "hot sone” anly.
Lan. vertical carbon bed

Supporied by bed of arbon pellets in uid sone.
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w22
9.5 0. 80
4.5 %0
a8 w70
Not Sampled
LU
i, e
[T
%0, 70
LU
9.0 0,28
e 80,10
*we 90,04

(a) Includes () from GO,

(») BC1
(€) B pase yleld

TR

8.6

25,08
MLl
RN
.2
8 s
1.0
[ E)
0.7

"o

.8
0.08
0,08
.

0.%
0.0
.l
09.80
.54

.1
“
ez

per_cent

c oo

TASLE X1
MESUL TS OF CHLORINATION WITHTURE OF AUXILIARY CARBON BED

Anaigeis of Product andensed
T Y,
e et

Recovery Pase Yield

a’r cent a:cﬂ e

sCl,
N Froduction Vent ,as Anal
T,  Taal Made Hate
percent gulh 1b, ne, f1,' per cent per cent per cemt per cent
“a.e T.18 LI} i
375, ee.0 Oreat .6 Ll
EET PRI Y} 3,8 .22
sile d2.08 0.4 .
2.2 W Lnope rative .7 LI
23,5 L .7
9.7 22,0 ” 8.9
LAY TR 5.4 .. e 9.8
2450 s Oreat LA ) .S
.y 1% "I erative LM 3.8
840 2 9.3 .8
180 ie el 10,0 () [ “
827 .8 2.5 1. o ™ 108
e 9. Tah e 0.8 se 0
s 2,7 e in0 0.4 sy .
w2 4 LN 2.6 0. e “
AL LY LA PR LI ) 5.y L ” s
Tie 0.6 s . L) 1oe L1
»i 8.2 - - L1 s
(8 1.0 - - - LY “
oel 9.6 LN ) e 103 "
NT.e in.s “.e 1.3 Lo Al
LR PR I X 0.8 [ 10
a2 4.5 631 L *» e
a8 7.0 LLA 0.4 bi] .
98 6o, 9 73,8 0.0 " Ll
LEE 8l 5.7 0.7 9" 9%
s 0.0 . - L3 R
LULPE P N ] “w.e . L.e e *
00,8 9.0 . e L) [
569 9h.e - (3 o
L Se.2 M .7 oe LA} R
”7.1 [T - - - “ 2
L LI LR . . - L1 “
e 0. e .o v
"2 3.6 0.1 » .
LR P 4.0 e . s
09,4 A ] o L3
LLL I . e L1
o768 . ° .
N, LU e iy
o 9.8
2 -
ALIR ° 1082
% 1.4 9.9
9.5 iN ) 4.0
"0 L] ”.0
w. . is0 9.6
" » 8.2 "0
9.0 - “e - -
9.0 67,0 .0 2 9.9 nure
AL LN [ ) 23 il 0.4 7,0 0.
Experiments To Determine Effect of Amount of Excess Ca
99,00 (AL e LAY “9 0.9 LT
100, 41 .. 17,6 Ly e 2.
AL L) “.0 9.0 e .4 w0
9e.09 . “.. 0 .2 1ei.0
", 2 Sis.e . LN Y .8 .2 .. 0.8
100,91 ey “.0 19.% 1.9 L } ius.0 AN
%, L) 6.6 10.% .2 0.8 9. 2.8
100,97 ‘0.0 a0 " .6 0.7 9.5 s
ALY “w0e 8.2 10 e .1 e LY
Mieceiisnecue Laperimonte
AL S0 . 4.0 0. 1.0 L)
94,29 i " 0.2 00,0 1o, s
99,55 u.e 1hd 10.9 0.4 " 9.8

recovered in (ondeanser recelvers and water scrubber
B product/ B Charged

) Cl pass id - ClI
(@) Owverall B yleld

s

ecuct/Cl charged
product/B harged minus unreacted B

t
2,7
2.
1.
15,7
M
9.3
se.7

%2
».7
-

S0
»
8
“
2

Pa
[

LI
sy
87,2
9.0

2.4
”
LN
L
9.5

s7.0
i
3.

3.8

283

LR}
103

el
$)0

el.e

[ Lo
AN
L)
78,2

L
9.2
630
8.0
e

6.1
1072
T4

Overall
Yield (o)
per cem
s
.05
4.4
8.8

"

ELN
2.1

7.8

los

Lie2
7.8

i00.7
LA
LN
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TABLE XIll
RELATIVE AMOUNTS OF BORON TRICHLORIDE ARD WHYTE SOLIDS, AUXILIARY CARBON BED EXPFERIMENTS

Chnlorine Rate Bed He! Bed Te rature :‘r:;'-
pr, TS o PR RTRETT uces
No.  _cu.fi./nr,S,T,P.in, in, ‘¥ =¥ s
BL-
34 20,00 4.00 - m2 1148 L - - - L .22 1.%2 .2 .89
3% 15,00 3.0 - 1292 1022 s - - - 1000 0,13 [ Y 1.y 6.6
36 10,00 2,00 - 1252 1292-1472 33 - . - 1000 0.2 .80 2.0 0
7 5,00 .00 - 1292 1292 4.4 - - - 1000 0.2% .% .9 16,5
b 8,00 .60 - 1292 1247 238,2 - - 1000 0. % 3.00 s.00 1.2
9 8,00 .60 - 1292 1292 33,4 - - 1000 C.56 5.00 5.80 6.0
-« 8,00 1,00 - 1292 1292 434 - 1000 0,29 2,%0 2.9 AN
. 15,00 3.00 - 1292 1292 £59.9 - - - 1200 o.m L 800 7.9
Sp. Expt.
A-l 20.00 - 3.0 - 1292 - 24%.0 22,6 - - - 1000 0.28 2.8 .80 L)
A-2 20,00 - 3.0 - 1202 - 145,13 13,4 - 1000 0.1 .10 110 12,2
A-t 20, v - - - 1292 - - - 1000 0.2¢ 2,40 2,40
Bl-
4 B 10 ©0.% 6.0 - 130 isie 118,0 10,9 -
4 LA 0.%0 o0 - 1328 L1328 527.0 LU - -
4+ 3,24 0. 3% 1. - 1328 1292 43,0 0.3 - . -
an 5. % u. 60 16,0 - 1300 1454 s97.0 55.1 - - - - -
S0 5,40 0.60 .0 - 1200 - 1524 1845 2.0
51 6, ¢ c.o0 i.0 - 1418 1472 40,0
52 5.4 0.60 11,0 - 1382 1508 7i0.0
53 19,2 4.80 11,0 - 1382 4% 9.0 -
LL] 4.8 1,20 .0 - 1292 LY 1130
& 4.80 1.0 - P29z 1486 4.0 59,2
L 6,00 1,0 ¢ 130 1517 37,8 29.5 .7 Z.20 ivie 0,29 Ly “8n LE
ok 9.00 1.0 24 107¢ isoe 5789 $3.% - - LRLE) 0,18 2,08 .08 5.8
59 9.00 i,80 o 12 1184 1544 S24.4 ALY - 100 e .42 1,42 a0
S9K 9.00 1,80 11,0 12 1184 181 724.5 66,9 0% 0,08 0.70 ",
o0 15,00 3,00 1,0 4 1274 1423 598, 0 55,2 - 1455 0,n7y .o 50,
61 15,00 1,5 1.0 12 1247 1454 899,58 B4, 8 IETL) 0.14 3,3 40, "
6l 3,00 0.6 11,0 12 1178 1580 278 5.4 0ov .12 6.371 LA
3,00 0.6 1.0 24 187 1842 1,8 52,4 27 0,28 0.7 18
o4 9.00 e 1,0 12 linge 1542 LRV ) 55.% 157 0,28 C.e4 126,
6 9,00 1.0 11,0 24 1184 sl o9 bi.8 lue2 0,37 %9 15,9
ot 15,00 i.h 1.0 24 1202 472 805, % T4 . £ 1450 0,26 . 26,
o7 3,00 trace 1.0 o 125%¢6 1508 377410 4.8 13,9 i5.1 .04 ‘o 0,20 0,40 e
b 15,00 3.0 .o 24 1159 1472 4.2 “ 144¢ 0,17 2,8 2.8 iT..
69 .00 0.¢ 1,0 6 1202 1472 2y 30.4 = 145 0,008 0.8 N .
70 9.00  i.s iLe ) [RET) 1454 92,0 54,6 5 0,089 1.3 1.3 s
i 15,00 5. ) & Lauz 1508 524,58 3.0 - (B2 0,07 0,12 0,12 25
9 im0 o 1220 1472 8.6 59 Y 2,2 1485 0.20 .9 s.12 S.8%
73 15 1.0 o 1220 1490 59.8 4T .5 2,13 1430 [T 5,84 7,87 7.92
74 15 11,0 24 1292 1472 bib.e 62,5 - - 1a9% 0,093 (R} (1) 440
TIR 15 1,0 6 1392 1340 630, 58.2 - - 1710 0.iee 2.4% 2,45 21,4
B 9 Lo o i3 1472 2.2 4.0 35 0,183 0,54 1588 0.2% 3.7 424 16,
e 9 .0 . 1472 1508 -
79 s 1,0 . Ts 1454 200.5% iss - - - " 0.0%) G, Yie C.31e LU Y
L 12 L0 9 1178 1360 13,9 2.6 - - e LYY .02 ¢, 02 LR
TR 9 .o 9 i220 1310 E1s.7 I - - - 1700 0.019 0.3 0.3 te. 4
80R 12 e 9 ilot 1454 409.2 7.8
8l is 1.0 e 1178 129¢ 1e.8 6.8 . - 147% 0.06% 0.9% 0.9 LR
MR is 11,0 9 184 652 2le6.8 20.0 - - - - -
LT is .o 9 1094 1292 - - - - -
8IR is .o 9 12 1472 27,6 247 T.28 0.1 247 0.0 0.1 0.2 1234
LE} 9 L0 ; ) 1220 1438 18, ¢ 17,0 - - - 208 0,029 o1 .l 17,
Experiments 1o Uetermine Effect of Amount of Excess Carbon
L 9.0 1.8 1.0 24 1342 1562 s 58.6 - - - 00 6,059 0,2% 23
as s.0 1.8 1.0 24 23 1580 “«02.4 7.2 - - - 452 G.08% 8 AL
BSR 4.2 1.8 1,0 24 1400 1470 876,11 S3.4 - - - 1597 0.8 r B4 18,7
L 4,2 1.8 il 24 1340 1526 57¢e.5 53.2 - - - 2000 0,08 i.e 33,3
Lo 14,2 i.e 1.0 24 1220 1526 - . - - - - - -
TR 4.2 1.8 ii,0 24 1220 1430 sis.¢ aT.¢ - - - 1680 0,073 .2 .2 35,
L1} 14,2 .8 1.0 24 1104 1436 479, 4“2 - - - 1400 0,098 1.3 { S 3
LA 1e.2 1.8 ite 24 1220 1490 L 2] .2 - - - 1870 0.26 a3 434 1,
4o 14,2 " L0 24 i2ve 143¢ 4ce. 0 431 - - - 1300 0.24 3. 3
A1 14,2 i 1,0 24 1202 1472 408 3. - - - 1670 0.08 0.70 6,70 93,9
Miscelianeous Experiments
15 15,0 .0 1.0 24 1200 1512 026.6 57.8 - - - 219 6,08 0,i8 G, 0 32..
7 3.0 0.6 1.0 24 1346 1562 276.6 25,5 - . - 195 0.2 .41 0.in il
1 s.0 1.8 i, 24 lie® 1382 “*a. s 4.8 - - - 5% 0.02 G hi .11 ERl
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W) Includes Cl° trom COCl,, ®Total per cent® to compenasted.
W) Roron trichioride recovered in condenser seceivers aid weter ecrubbers,
W) B pase yleld ts Igvoéun/ﬂ charged,
td) Cl” pass yieid to Ci product/Cl charged,
[ Overall B yield ia B product /B charged minus unreacted Boron,
[\3] Incorrect dus to spent KOH solution in Orsat.
" Incomplete recovery of cnlorine due to no analysis on carben bed bottoms,
h Exceeds 100 por cont becsuse boric axide.carbon briquets were inadverdentiy charged to R 2,
{1} Temperature at R-1 - 11035,
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(k) Temperature st R-1 - 864°F
) Temperature st R-1 : 14i8°F,
gm) “emperature + J202°F,
n) Temperature at R-1 = 1286°F,
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TABLE XXV

EFFLUENT GAS STREAM COMPOSTTION, BORAX VERSUS BORIC ONIDE

Temperature, °F
Composition
per cent)

Iner:s
co
co,
O,
BCI,
Ci,
COcCl,
HCI

a) Z4-inch carbon bed

Na;8,0,°C

Feed
BL-207

R-1 lou0

R-2 1390 (a)

26,6
19,45
10,10
e. 70
25,10
0.36
0.00
15,50

H‘O.-C

Feed (Briquets)
BL-143}

R-! 1e

R-2 1458 a)
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s, 0 4“n ALGOW . 208uwa C-HBrigueis 1202 13182 0.42
o Val 1364 1373
[ablets + 5 per 1304 [RYR
cent B,C
13,0 3.9 ALOOW - 208uWa C Briquets 1202 1319 0, %0
OWa) 1693 1292
Tablets ¢+ 5 per 16913 1292
cent BgC
9.0 2.7 AYOOW - 208uWa C-Briquets 1218 1382 ", 58
(bOWa) 1314
Tableta ¢+ & per 1067
cent BC
20, 4 Ba No, RC-210 Reosintered 1250 Room ik
2016, BA + 20 1b, AMNOWSuWs Temperature
C i1y, BC Briquets

R -1 bed helght, 11 inches for all experiments.
.2 bed height, 24 inches, excepl Bl.-189 and 190 which had no R-2 bed.

Hoat was turned oft simultaneously with introduction of chlorine, except
for BL-158 and 159 where external heat was ma intained for the duration
of 1he experiment,

Chiorine rate to R-1 varled in attempt to maintain and crntrol resctor
bed temperature,
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Rurned out thermowell, R 1
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Resctor thermowell burned out

Heat off during experiment
Shutdown because of plug in
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L Condensers
s@’&id ’ ‘“"d } r-f—;—; ~ T / .‘, sl
[ e =T 4 =
s 8. ) (W‘? i
r -y Trap b v
Solide O’ . |
| *a?h, .“ e et
. | CR o
(m _-L I il _}
‘:.‘A ” Vent
No Analvsis, M,0 Scrub Gas» Anaiy»sin
Residue R her A 1Orsat)
Sample | Physical ANALYSIS
or State - l: -
Stream B C |Cl |Cl, EOCi§ H |CO 4( 0, | O, Dther
Chlorine Ga s No RAnalypis -4
Solid
S [pellc!sﬂﬁ‘ X X X
"B Solid X X (b (b)
O Solid X (b) X | (b) (c)
W Liqu:d X |b) X (c)
i (d) X X X X
- Liquid X (e) (¢)
Vent Gas X X X
(a) Wash down of overhead lines at end of exper:ment
(b) Occasional Analysis
(¢) Also N1 and Fe for some samples
(d) Liquid when sampled; gaseous at room temperature
(e} Total C1~ : (includes Cl”~ from emtal chloride formed by action of HCI
on scrubber pump).
FIGURE 3 - CHEMICAL ANALYSES FOR CHLORINATION EXPERIMENTS
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FIGURE 5 - EXTERNALLY REACTED ELECTRIC FURNACE
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FIGURE 9 - BORON TRICHLORIDE PRODUCTION RATE VERSUS
CHLORINE RATE FOR 3-, 6-, and 12-INCH BED HEIGHTS
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FIGURE 10 - EFFECT OF CHLORINE FEED ON BORON TRI-

CHLORIDE PRODUCTION RATE VERSUS BED HEIGHTS
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FIGURE 22 - PRODUCTION RATE VERSUS CHLORINE RATE FOR
SPHERICAL AND BRIQUETTED FEED
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FIGURE 27 - TIME-TEMPERATURE CURVES FOR
CHLORINATION OF BORON CARBIDE
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FIGURE 28 - EFFECT OF SUPPLEMENTARY OXYGEN FEED ON

REACTOR BED TEMPERATURE

ol sl Fonn z T S AR 43 B

e > - - i vesspa pev—

Page 96



e

» o o

43199ng I

I

SN1VIVAAVY NOILVNIHOTHD 3dN1l AY¥V.IOY - 672 3UNOIA

Jaqqnidg Ja1EMm

Aaqqnidg 31ane)

]

o L LT o)

Py

=

ialawWouvyy
="

A

aqn]

L FETYSEEERT|

dea] PUP BI3SUIPUC) 1INPOIS
_ | J
: _
[ = [

Jaarazay wprjog

.-aL...m

1@ quy oo X334 -~
aujzoys | _ TIOTR 13 e
IE ...___.. = ._-Hl__”hlqu.h.ll |||||
- - - Prjog
—t = — Bl I | )

“““ ”.nh.n_ 135 |.ml|IlL|L L

saur] woqied a1 ¢ yim sqny AS{iv 19dIN .2

ol
saddoy paag L

Page 97

g o s ke it

e Y



uny ayj 8utang pa g autdoyn | o
| mauls AJOAOD?H Ut uolog YItm IulqUWo 03 paawr Iy OU!JO[QDI
UOLIS J3AU0N) JUTIC
- B it RS RS TR S -—=-|—"- l|=|—--g : : ' * 3 z 92 = : "'?2 T ! T .
I I A
- e e [ — [ R e l

‘ ' !

I I BN [ S . et B
ST T T 17 il
‘uaSaBEREE |

BREE - e

b - = . - - - - - I':

i M : N l - = . B 3 s -1|--d- H

L 'I 'J E !h- - 4 E &

l 4! ! I A =

| + J p

- - e - = e e —+ = #
i"'i' b ) R B T B .
| J# :

e e 2 e ] i—- - i . o -I === L

= ot -

| B T JE - - e . — . ; é
oo | {2
q-:n.—. - 'h.-.. 2 [::

;f 3 13
- . T B H
I P
NN e : |z
E &
2 B B - - — p— i L - -
.h*-- ! g
Uo > o b
| Pag Pa -
. I e L T, o L | :
T |'--._.__ ”-ld g
I o, £ E e
e A i - R = T T\ l - . 5 -
| ——
— -I - - —_— - —
3_ | I = . I_i. ! J —g—d 1 "'iﬂ'
: : : :'l : : s : ; = 8 = = B s
*ay/°qr ‘91ey uolIdNpPoId SPrIo[ydti] uolog
Page 98

P R S R

FIGURE 30 - BORON TRICHLORIDE PRODUCTION RATE AND CHLORINE
CONVERSION VERSUS CHLORINE FEED RATE
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